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Sum m ary
Spacecraft propulsion is an important aspect of space exploration. Current in-space propul­
sion technologies are limited by the amount of propellant they can carry. However, to gain 
higher velocities and enable a new range of missions, Solar Sails can be used as an altern­
ative. Solar Sails use the momentum exchange of impacting and reflecting photons off their 
sails for propulsion. Their propellantless and low cost nature enables long duration missions, 
and the constant light pressure gives access to new range of orbits. Most proposed Solar 
Sail missions rely on the sail propulsion to achieve their primary mission/science objective. 
Even with the successful deployment of the IKAROS sail. Solar Sails are not at the necessary 
technology readiness level to be used by science missions.
The focus of the research presented in this thesis is to address the two main technological 
challenges facing the construction of a Solar Sail: sail deployment and attitude control. 
Most sail attitude control systems use the centre of mass, centre of pressure offset, but rely 
on the use of the main sail structure. By attaching actuators to the main sail, these systems 
increase the complications and risks involved in deployment. A novel scalable bus-based 
attitude control system (ACS) is proposed that makes use of bus-mounted ballast masses 
and reflective panels and is shown to be more practical. As a result of the decoupled nature 
of this ACS, the risks and complexities involved in construction of the sail deployment 
subsystem are reduced. The presented attitude control system, unlike others, is generic and 
can be used alongside any available sail deployment mechanism or system irrespective to 
the size of the sail.
The second challenge is in-space deployment of an ultra-lightweight membrane structure. A 
low cost, commercial-off-the-shelf (COTS) based, four quadrant nano-Solar Sail deployment 
system is proposed, that uses four novel tape-spring booms to hold the sail membrane 
in place. Four possible membrane-folding patters are investigated and a novel “Creasing 
Indicator” that quantifies the effects of folding on sail membrane efficiency is proposed. 
Additionally, testing of a small-scaled engineering model of the deployment mechanism for 
a 1.7m X 1.7m sail is presented. Extensive ground based deployment tests of the mechanism 
shows the feasibility and practicality of this concept.
The fundamental objective of this PhD is to improve the current state of Solar Sail techno­
logies by enhancing the sail deployment and attitude control subsystems. These challenges 
will be addressed in the context of a proposed nano-Solar Sail demonstration mission, en­
abled by this research, called Cubesail which is being designed and built at the Surrey Space 
Centre.
Keywords: Solar Sail, Attitude Control, Deployment, Membrane Folding, CubeSail 
Email: S.Adeli@surrey.ac.uk
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Chapter 1
Introduction
Space has become the new exploration frontier for mankind and, as identified by Isaac As­
imov, "we must be ready to move beyond EartK’ [1]. However, exploration cannot transpire 
without the means for space transportation.
More than half a century has passed since Sputnik-1 [2], the first artificial satellite, was 
launched into the Earth’s orbit. Since then, the main mode of in-space propulsion has been 
based on the ejection of some sort of accelerated reaction mass. This form of propulsion is 
limited by the amount of available propellant, which in turn restricts the orbits and types 
of space missions achievable. Therefore, a more efficient form of propulsion that can achieve 
higher velocities and enable new space missions is desired.
A practical solution is Solar Sail propulsion. Solar Sailing does not use any propellant; 
instead it relies on the momentum exchange of photons, impacting, reflecting and being 
emitted from the sail to achieve motion. The constant light pressure enables them to reach 
high velocities and access a new range of orbits. Unlike conventional propulsion methods, 
the propellantless nature of a Solar Sail can enable long-duration missions. Missions such 
as comet rendezvous, polar orbits about the Sun, the study of Earth’s magneto-tail and 
station keeping at artificial equilibrium points are very difficult to achieve with traditional 
chemical propulsion and Solar Sails provide an achievable alternative [3, 4].
During the 1970s, the Jet Propulsion Laboratory (JPL) first proposed a sail mission to 
rendezvous with the comet Hailey. Unfortunately, the mission was cancelled due to the high
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risk associated with deploying a large, 800m sail. In the past few years there have been a 
few attempts at launching a Solar Sail. In 2005, the Planetary Society launched Cosmos-1 
[5, 6] and in 2008, NASA launched the NanoSail-D [7]. Both missions ended prematurely 
when the launch vehicle failed to reach orbit. More recently JAXA has launched IK ARCS 
[8] and has successfully demonstrated deployment and propulsion of a 200m^ sail.
1.1 Research M otivation
Most proposed Solar Sail missions to date, rely on the Solar Sail propulsion method to 
achieve their primary science objectives. However, Solar Sails are not at the necessary 
“Technology Readiness Level” (TRL) [9] to be used confidently as the main propulsion 
method. One of the historical reasons for this is due to their high “Advancement Degree 
of Difficulty” (AD2) [10], the difficulty in moving from one TRL to the next. Thus a need 
arises for Solar Sail demonstration missions that can verify the available technologies and 
reduce the risks involved while at the same time increasing the TRL.
The technological challenges hindering the advancement of Solar Sails can be divided into 
two key areas. First is the deployment of a large structure in space. Solar Sails need to 
be stowed in a compact volume due to size limitations on-board launch vehicle fairings. In 
designing the mechanism and structures of any such deployment system, several important 
issues need to be considered. This system needs to be able to withstand vibrations from 
launch vehicles, be robust and light in mass and yet be deployed to the maximum possible 
area. The deployment subsystem of a Solar Sail usually has a high risk of failure due to 
its numerous moving components. Therefore, there is a need to develop a simple, ultra­
lightweight, robust and low risk deployment system.
The control of a large spacecraft such as a Solar Sail is the second challenge. Control and 
pointing of a Solar Sail is instrumental in controlling its thrust vector and hence trajectory. 
Its orientation with respect to the Sun will define the direction and magnitude of the solar 
radiation pressure force. Conventional attitude actuators are inadequate in-terms of their 
mass, size, power requirements and the amount of torque they produce. In many research 
efforts, the use of the centre of mass (CM) verses centre of pressure (CP) offset disturbance
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is proposed for the control of a Solar Sail [11, 12, 13, 14, 15]. Such proposed systems rely 
heavily on the geometric nature of the main sail and can cause further problems to an 
already complicated deployment system. Therefore, there is a need to design an attitude 
control that reduces the risks involved, is robust and scalable and facilitates the successful 
deployment of a Solar Sail.
1.2 Scope
This thesis is concerned with improving the current state of Solar Sails in two areas: deploy­
ment and attitude control. Attitude control is addressed for Solar Sails of different sizes. 
These include small 5m sails to large spacecraft in the order of 200m. The main attitude 
disturbance force is considered to be the CM/CP offset. Other disturbance forces are not 
considered as they are either too small or do not exist in interplanetary space.
While the attitude control solution presented is scalable to large sail sizes, the deployment 
focuses on a nano-Solar Sail mission. The deployment system is confined in-terms of volume 
and mass to the 3U CubeSat standards [16]. The focus of this research is membrane folding, 
the deployment mechanism, how the deployment system fits insides a small volume and how 
it behaves during deployment. Detailed structural analysis is beyond the scope of this thesis 
and is part of a new PhD topic at the Surrey Space Centre, defined for this specific problem.
These two areas of concern are used to enable a feasible low-cost Solar Sail demonstration 
mission. At the Surrey Space Centre, past research into Solar Sails together with the 
outcomes of this research has enabled the design of a 5m x 5m, Skg nano-Solar Sail called 
“CubeSail” . This mission is used as a basis throughout this thesis. The CubeSail Solar Sail 
project is funded by EADS Astrium and is in the process of design and construction [17].
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1.3 A im s and O bjectives
1.3.1 Aim s
The research of this thesis strives to improve the current state of Solar Sails and enable sail 
demonstration missions through the following aims:
• Build an understanding of available space déployables and design and test a low-cost, 
low-mass deployment system for a nano-Solar Sail.
• Improve upon the current state-of-the-art of Solar Sail attitude control actuators, 
presenting novel alternatives.
1.3.2 O bjectives
In order to achieve the above mentioned aims, the following objectives are set:
• Analyse current satellite attitude control actuators for use with Solar Sails.
Develop a novel and scalable attitude control system and actuator for Solar Sails, with 
associated mathematical models, sizing requirements and control strategies.
• Develop deployable booms to support the sail membrane.
• Build and test a nano-Solar Sail deployment system.
• Research sail membrane and membrane folding techniques and select the best for use 
with a nano-Solar Sail.
• Research effects of deployment on the attitude of the spacecraft.
1.4 Structure of Thesis
This thesis investigates the technologies involved to successfully launch a Solar Sail space­
craft. This chapter introduced the general state of Solar Sails and the motivations behind 
this research together with the resulting novelties.
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C h ap te r 2 is an overview of the current state of the art. It deals with the history and 
fundamentals of solar sailing. The chapter introduces the most significant Solar Sail missions 
proposed and presents the current and near future attempts at launching a Solar Sail by 
various institutions. A review of Solar Sail technologies is presented, which includes attitude 
control, membrane materials, space déployables and sail deployment concepts.
C h ap te r 3 introduces the nano-Solar Sail demonstration mission called CubeSail which 
will be used as a basis throughout this thesis. In this chapter the mission concept and aims 
are presented and the scope and limitations of the mission are defined. Possible Solar Sail 
characteristic acceleration options are calculated and realistic scenarios for different masses 
are presented. Various mission orbits are investigated and a numerical orbit propagator is 
developed to simulate the CubeSail’s orbit. Three case studies are presented, a CubeSail 
with no sail, and two CubeSails with different total masses. A comparison between these 
and sails with slightly different characteristic accelerations is also given. In addition, the 
sail is also shown to be used as a de-orbiting device, to reduce the lifetime of LEO satellites.
C h ap te r 4 discusses the dynamics and control of Solar Sails. It introduces basic space­
craft attitude control concepts and equations. Conventional attitude control systems are 
presented and through simulations their ability to control a Solar Sail is investigated. Fur­
thermore a review of the current proposed Solar Sail attitude control systems is presented.
C h ap te r 5 presents a new attitude control system for Solar Sails. This is a scalable bus- 
based ACS that is decoupled from the sail and attached to the bus. The system consists of 
tether control masses and a reflective panel actuator. Models of the system are mathem­
atically drawn and control algorithms for the actuators are presented. The system is then 
sized for three case studies to show scalability: the 5m CubeSail; the 40m GeoSail mission 
and the 245m Interstellar Heliopause Probe (IHP).
C h ap te r 6 presents a nano-Solar Sail deployment concept for the CubeSail mission. Given 
the volume stowage constraints, new COTS based tape-spring booms are developed and 
their characteristics are analysed. A discussion on four sail membrane folding techniques
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is presented. A Creasing Indicator is developed to analyse the folding patterns and design 
revisions of the deployment mechanism are discussed.
C h ap te r 7 deals with testing the designed deployment system for the Cubesail mission. 
Two sets of experiments are presented, one on a rotating platform and another on an 
air-bearing table. Uncontrolled, controlled and ramped deployments of the booms and the 
booms with the sail are carried out on a rotating platform. To better understand the torques 
and vibrations, uncontrolled boom and sail deployments are carried out on an air-bearing 
table as well. Finally, the torques during deployment are calculated and characterised.
C h ap te r 8 summarises the research carried out in this thesis. It identifies the novel areas 
and contributions, presents possible future work and provides a road-map for the further 
extension of this work.
1.5 Research N ovelty
The research carried out in this thesis contains the following novelty:
• Development of a reflective panel actuator for the scalable bus-based ACS together 
with development of a scalable bus-based attitude control system for Solar Sails.
• Design of COTS based tape-spring booms for use on the sail deployment subsystem.
• Design of a low-cost, low-mass nano-Solar Sail deployment system for the CubeSail 
mission.
• Development of a Creasing Indicator to analyse different membrane folding techniques.
• Experimental testing and demonstration of sail deployment structures and mechan­
isms.
• Experimental investigation of torques and vibrations produced during deployment of 
a nano Solar Sail about single and three degrees-of-freedom platforms.
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Research carried out in this thesis on sail deployment and attitude control has been the key 
enabling factor for the CubeSail nano-Solar Sail demonstration mission.
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Chapter 2
Literature Review
This chapter presents the relevant literature associated with this research and provides an 
understanding to this work’s contribution to the current state of Solar Sails. The chapter 
begins with an overview of the history of how light pressure was discovered, and led to 
the idea of Solar Sails. It discusses how Solar Radiation Pressure (SRP) can create thrust, 
presenting the fundamental solar sailing equations and performance parameters. The most 
significant missions proposed over the past few decades are then reviewed, giving an overview 
of the capabilities of Solar Sails and range of orbits and missions they enable. Various recent 
and near future attempts at the development and construction of a Solar Sail demonstration 
mission are discussed.
Solar Sail technologies is a key section that focuses on the two main challenges facing 
Solar Sails, attitude control and deployment. A brief overview of attitude control methods 
for Solar Sails is presented with a detailed analysis to follow in Chapter 4. Several in­
space deployment systems and mechanisms are reviewed and suitable technologies for Solar 
Sails identified. Finally, several deployment concepts developed by various researchers and 
institutions for various size Solar Sails are discussed.
2. Literature Review
2.1 H istory
Nearly 400 years ago Johannes Kepler wrote a book on his observations of the comets of 
1607 and 1618 called ”De Cometis” [18]. In it, Kepler incorrectly describes the comet’s 
motion as a straight line, but believed that the comet’s tails are evaporations of the head 
which are repelled by the Sun instead of being attracted. He writes:
Gross matter collects under a spherical form; it receives and reflects the light 
of the Sun and is set in motion like a star. The direct rays of the Sun strike upon 
it, penetrate its substance, draw away with them a portion of this matter, and 
issue thence to form the track of light we call the tail of the comet. This action 
of the solar rays attenuates the particles which compose the body of the comet.
It drives them away; it dissipates them. In this manner the comet is consumed 
by breathing out, so to speak, its own tail. [19]
This was the first time the existence of light pressure was suggested. But it took three 
hundred years before James Clerk Maxwell formulated a theory. In his ”A dynamical 
theory of the electromagnetic field” [20, 21] Maxwell theoretically proves the existence of 
light pressure [22]. And thirty years later Peter Lebedew [22] experimentally proved the 
pressure of light.
In 1936, Konstantin Tsiolkovsky suggested the use of solar radiation pressure for in-space 
propulsion. He wrote For flight in interplanetary space I  am working on the idea of flying, 
using tremendous mirrors of very thin sheets, capable of achieving favourable results.^  ^ and 
using the pressure of sunlight to attain cosmic velocitÿ^ [23]. In 1951, Carl Wiley published 
the first scientific paper on Solar Sails, called ’’The Clipper Ships of Space” [24] appearing in 
the May issue of Astounding Science Fiction. Interestingly, he used the pseudonym ” Russell 
Saunders” as he was concerned about his professional and scientific reputation. Figure 2.1 
illustrates the major milestones in the history of Solar Sails.
During the 1970s the space shuttle program by NASA cleared the path for inserting large 
structures in space. At this time Jet Propulsion Laboratory (JPL) proposed the first ever 
Solar Sail mission. The mission was a rendezvous with the comet Hailey, the same comet
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Figure 2.1: A Solar Sail historical illustration
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Figure 2.2: Solar sail rendezvous with comet Hailey, artist impression, by Jeremy Wright
Kepler observed in 1607. Jeremy Wright discovered the trajectory allowing a Solar Sail to 
rendezvous with the comet at its perihelion [3]. A square sail configuration with a size of 
800m X 800m was chosen for this mission (See Figure 2.2).
The sail would have been three-axis stabilised and launched by the early 1980s. In 1977 
the square sail idea was dropped, due to high risks in deployment, and the heliogyro was 
chosen with 12, 7.5km blades of thin film. At the same time, research into solar-electric 
propulsion led to its selection as the propulsion means for the rendezvous mission, but a 
short time later this was also dropped due to high cost estimates [3]. Thus, the first ever 
proposed Solar Sail mission was never flown.
To date, the concept of solar radiation pressure has been proven and used on satellites 
like the Mariner IV spacecraft [25], where the solar pressure vanes mounted on the solar 
arrays were effectively used in controlling the attitude. Mariner V and Messenger used the 
same concept by design for attitude control, while Hayabusa [26] after failure of a reaction 
wheel utilised this method. Currently most GEO satellites use the same technique for 
attitude control. Very recently the first ever successfully Solar Sail mission, IKAROS [8] 
was designed and launched by the Japanese Space Agency (JAXA). IKAROS successfully 
deployed a 200m^ sail and demonstrated Solar Sail propulsion, during June 2010.
1 2
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2.2 Solar Sail D ynam ics
The physics and mathematical equations behind the solar sailing concept are discussed here. 
These include the solar radiation pressure and how it propels the Solar Sail and performance 
parameters that are essential in designing and characterising a mission.
Solar radiation pressure is caused by the momentum transfer of photons impinging on a 
surface. A Solar Sail in reality is not a perfect reflective surface and some photons will be 
absorbed. The photons interacting with the sail can be divided into three types, absorbed 
(pa), specularly reflected (ps) and diffusely reflected (p^). The relationship between these 
fractions is given by [12] and are as follows:
Pa “h Ps T  Pd =  1 (2.1)
Mclnnes [3] produced an equation for the force exerted on the surface of a sail from the Sun 
at 1 AU, given below:
Fs = PAs I  { 1 rs) cos^ as + B f {1 —s)r cos a s — ^ ^ ^ c o s o is ln  
I e/ +  £6 J
+PAs{l — rs) cos as sin ast (2.2)
where h  is the normal direction to the sail, î  is the tangential component. As is the area 
of the sail facing towards the Sun, P  =  4.563 x 10~®AT/m  ^ is the nominal solar radiation 
pressure constant at 1 astronomical unit (AU) from the Sun and as is the sun-angle (the 
angle between the Sun line and the sail normal). Also f  is sail front reflectivity, 5 is specular 
reflection coefficient, e/ and £& are front and back surface emission coefficients and B f  and 
Bb are non-Lambertian coefficient for front and back surfaces.
The interaction of photons with the sail is characterised using the coefficients mentioned. 
Different sail materials will result in different coefficients and hence different SRP force 
direction and magnitude. Table 2.2 shows coefficients for an ideal sail membrane together 
with results of experiments carried out by JPL on a square sail membrane [3].
Assuming the sail is a rigid, flat structure, the SRP force acting on such a surface can be
13
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r s £6 P BtIdeal Sail 1 1 0 0 Vs Vs
Square Sail 0.88 0.94 0.05 0.55 0.79 0.55
Table 2.1: Optical coefRcients for an ideal sail and JPL’s square sail [3]
n
Sail cross section
Direction 
of force
Incident photons
Reflected photons
Figure 2.3: Solar radiation pressure (SRP) force components
simplified using the specular and diffused reflection coefficients. (See Figure 2.3). The SRP 
force equation is given as follows [12]:
Fs =  FnU +  Ftî
F n  =  - P A s  [(1 +  Ps)  COS^  a s  + 2/ 3p d  cos 
Ft =  —PAs (1 -  Ps) cos as sin as
a.
(2.3a)
(2.3b)
(2.3c)
Because the SRP force is inversely related to the square of the distance, P  must be multiplied 
by the following equation if the Solar Sail is not at Earth’s distance from the Sun.
P - I —
r.„
(2.4)
where is Earth’s distance from the Sun and is the Solar Sail’s distance from the Sun. 
As is clearly seen in the above force equations, an important concept in a Solar Sail is 
the sun-angle, the angle between the sail normal and the Sun direction. Its effect on sail 
performance, control and stability is similar to that of an aircraft’s angle of attack.
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CM CMO-
(a) Stable configura­
tion
(b) Unstable config­
uration
Figure 2.4: Positions of CM and CP in a stable and unstable Solar Sail
2.2.1 Centre o f M ass and Centre o f Pressure
One of the important concepts in solar sailing is the centre of pressure(CP) and centre of 
mass (CM) positions. Centre of mass is a point in a body where the mass may be considered 
as a concentrated point reacting to the same to external forces. The centre of pressure (CP) 
is the point along a body where the sum total of pressure to different parts of the body acts. 
In a Solar Sail, stability occurs when CM lies on the vector connecting CP and the Sun. As 
soon as the CM falls behind the CP as seen from the Sun, the spacecraft becomes unstable 
(see Figure 2.4).
In addition, due to manufacturing errors and deployment issues, the CM is never on the 
line connecting CP and the Sun. This causes an unwanted CM/CP offset which is always 
present. This offset will cause a constant disturbance torque that tries to keep the Sail at 
a specific orientation, similar to a gravity gradient boom. As an example, a 40m x 40m, 
lQ3kg Solar Sail with CM/CP offset of 0.1m has a disturbance of O.OOlAf. In Chapter 4, 
how this offset is used to our advantage and to control the sail will be discussed.
2.2.2 Sail Performance Indicators
Solar Sails are unlike conventional propulsion systems that eject an accelerated reaction 
mass and use the specific impulse measurement for comparison. To design a Solar Sail, 
the most important performance measurement to consider is the characteristic acceleration. 
The acceleration caused on the sail due to the impact of photons at 1 AU from the Sun is 
used as a performance metric. Both the spacecraft’s total mass (m r) and sail efficiency (77)
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affect this performance measurement. The following equation describes the characteristic 
acceleration (no) [3].
=  =  (2.5)
(T J±s
where As is the total sail area, P  =  4.56 x 10~^N/m? is the magnitude of the solar radiation 
pressure on a perfectly reflecting surface at 1 AU and a is the Solar Sail loading. The Solar 
Sail efficiency value (77) is typically taken between 0.9 to 1.0 [3].
Another important technology parameter is the sail-assembly loading (cts), a measurement of 
the sail thickness and sail structure mass efficiency. Rewriting the characteristic acceleration 
equation and taking the assembly loading into account, we have the following [3]:
.3  =  ^  (2.7)
where rris is the sail-assembly mass and rup is the spacecraft payload mass. To size a Solar 
Sail, the desired characteristic acceleration needs to be considered along with the total 
spacecraft mass and sail area.
2.3 Solar Sail M issions
Solar Sail propulsion enables a new class of orbits and missions that are costly and sometimes 
impossible to achieve with traditional chemical propulsion. Chemical propulsion is limited 
by the amount of propellant carried and hence the total overall work which can be produced. 
However, a Solar Sail can constantly propel the spacecraft without the need for propellent 
and the penalty of extra mass. Real orbits fall into the category of non-Keplarian orbits, 
due to disturbances and perturbations, but Solar Sails can cause highly non-Keplerian or­
bits. The constant propulsion force enables a gradual change and thus gives access to these 
orbits.
Since NASA’s comet Hailey rendezvous proposal, there have been many proposed missions
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utilising Solar Sail propulsion. Some of these include: polar orbits about the Sun, the 
study of Earth’s magneto-tail and station keeping at Lagrange points [3, 4]. To show 
the capabilities of Solar Sails and the possibilities they bring, some of the major mission 
proposals using Solar Sail propulsion are discussed in this section. In addition, current 
and near future Solar Sail mission efforts, demonstrating the concept of solar sailing and 
technologies involved are presented.
2.3.1 Proposed M issions
2.3.1.1 G eoSail
GeoSail is a low cost Solar Sail mission, proposed by Macdonald [27, 28], to study the 
Earth’s magneto-tail and to demonstrate the sail propulsion concept and technologies. The 
European Space Agency (ESA) has conducted several GeoSail technology reference studies 
as part of its scientific cosmic vision 2015-2025 [29]. Studying the magneto-tail of the Earth 
using a conventional spacecraft would result in a 3-month per year window for observation. 
But a Solar Sail will enable the craft to enter the magneto-tail in every single orbit.
This is done by rotating the argument of perigee of the orbit in the ecliptic plan by about 
1° per day so that the GeoSail’s apogee stays in the magnetotail of the Earth. As the 
spacecraft’s orbit is in the ecliptic plane it will need to face the Sun at all times to be able 
to induce the independent secular variation in the argument of pericentre [30]. By changing 
the thrust magnitude of the sail, the pericentre can be varied. Giving a characteristic 
acceleration of 0.09985mm/s^, the desired effect on the orbit can be achieved.
Lappas et al [31] carried out a detailed trade-off study and proposed a 43m x 43m sail to 
provide this continuous thrust and characteristic acceleration. The spacecraft is proposed to 
have a mass of 172kg {8bkg sail 4- 87kg bus) and utilise the technology of small satellites for 
its bus to achieve a lighter, efficient sailcraft. In a different proposal, Lappas et al [32, 33] 
suggested the use of a so called “Solar Kite” for this mission. Solar Kite utilises micro and 
nano satellite technologies and COTS components. The design proposal has a total mass of 
2.2Qkg with a payload of 500g and a total area of 23.8m?. Solar Kite reduces the risks and 
simplifies the problem by reducing the size of the sail.
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The GeoSail is an example of a planet centred application of a Solar Sail. Such applications 
usually have a rapid slew requirement, especially for planet escape missions. But given the 
nature of the Geosail orbit, this mission does not need such rapid rates. As such, in a recent 
publication by Macdonald & Mclnnes on applications and future advancement of Solar Sail 
[34], the GeoSail is proposed as a near-term pathfinder mission in a technology development 
roadmap for Solar Sails: a possible first science mission that utilises Solar Sail propulsion.
2.3.1.2 GeoStorm
The GeoStorm warning mission [35, 36, 37, 38] is a Solar Sail mission that will position a 
monitoring station between the Earth and the Sun at approximately 0.98AU from the Sun. 
The purpose of the station is to look for harmful solar events, such as corona mass ejections, 
and warn ahead of time. According to West [36] such a mission can provide 2-3 times faster 
warning than a satellite positioned at the LI (0.993AU) point. The sail size envisioned for 
such a mission is a 100m x 100m sail with a IQg/m? sail loading, a mass of 50-100fcp will 
result in a characteristic acceleration of about 0.539 to 0.404 m m /s^  [38].
Conventionally, satellites need to be positioned at the Sun-Earth LI point to provide an early 
warning system. However, when using a Solar Sail, the LI point can be shifted towards the 
Sun. This is done by inducing a thrust from the Solar Sail outwards from the Sun, resulting 
in the reduction of the effects of solar gravity [34]. Increasing the characteristic acceleration 
of the Solar Sail will enable a higher thrust and shift of this point towards the Sun. Given 
the high risk nature and technology readiness level of Solar Sails, in the event that the sail 
subsystem fails to deploy, the mission would still be salvageable, and the spacecraft will 
remain at the LI point.
The Geostorm mission is an example of a Solar Sail in a highly non-Keplerian orbit, where 
the spacecraft positions itself beyond the LI point. This concept can be extended into 
multiple equilibrium points extending out from the ecliptic plane [39] enabling a Polesitter 
mission [40, 41]. Both the Polesitter and Geostorm missions are complicated to imple­
ment due to risks, high budget, and the fact that artificial equilibrium points are naturally 
unstable, even though station keeping [42] is possible about them.
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2.3 .1 .3  Solar Polar O rb iter/Im ager
The current observations of the Sun from Earth are limited to the Ecliptic Plane. Only the 
Ulysses spacecraft using a Jupiter gravity assist is able to pass over the solar pole every 6 
years, where it takes field and particle measurements.
The Solar Polar Imager/Orbiter are high energy Solar Sail missions that study the polar 
regions of the Sun, investigating the structure of the Sun’s interior, the generation of solar 
magnetic fields, the origin of solar cycles, the cause of solar activity and the structure and 
dynamics of the corona [15, 43, 44]. The Solar Polar Imager uses a large 160m x 160m Solar 
Sail to insert a spacecraft in a 0.48 AU Sun-centred circular orbit with 75° inclination[44], 
while the European Solar Polar Orbiter mission aims for a 82.75° inclination[43].
The Solar Polar Imager consists of an initial 2 year cruise phase to reach 0.5 AU, a 5 year 
crank up phase and a science mission phase of 2 years. The Solar Sail will be released from 
the spacecraft at the start of the science mission phase, leaving a total sailing time of 6.6 
years [45]. Dachwald [46] has also proposed an optimal trajectory for this mission.
The spacecraft will have a bOkg science payload, a 2b0kg spacecraft bus and a 130kg sail. The 
baseline ACCS designed for this mission consists of a primary attitude control system, con­
sisting of Trim Control Mass (TCM) and Roll Stabiliser Bars (RSB) and secondary/backup 
ACS consisting of pulse plasma thrusters positioned at the spar tips of the sail. [14, 15].
Macdonald & Mclnnes categorise this mission as achievable in the mid-term and a part 
of their technology development road map. They argue that as other propulsion systems 
are not viable alternatives to complete this mission, solar sailing will given considerable 
advantage and may represent the first useful deep space application of a Solar Sail. [34]
2.3 .1 .4  Interstellar H eliopause P rob e (IH P)
The IHP’s mission is to investigate the heliospheric physics in the outer heliosphere and 
local interstellar medium. It hopes to answer questions such as: What is the nature of the 
interstellar medium? How does the interstellar medium affect the solar system? And how 
does the solar system impact the interstellar medium.
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The IHP will use a high performance Solar Sail to reach distances of up to 200AU in 15 - 25 
years, far beyond current positions of Voyager 1 and 2. NASA’s studies by Garner[47] and 
Wallace[48] use a 15 year target, while ESA’s activities by Lyngvi[49] and Macdonald[50] 
limit the time frame to 25 years. The IHP is considered a long-term accessible mission [34], 
as technology needs are either not available or are too risky to be used.
The IHP will approach the Sun to get a high energy boost (using the inverse square nature 
of SRP) and achieve a hyperbolic trajectory. The sail will be jettisoned after about 5AU 
as the amount of thrust it produces will be negligible. This will enable scientific data 
gathering without the problems of pointing direction, accuracy and disturbances induced 
on the environment by the sail.
To achieve speeds needed for such a mission. Solar Sails with 1 - 3m m/s^  characteristic 
acceleration [35, 49, 50, 51] are required. Two flybys of the Sun are required to achieve a 
higher escape velocity and reduce the travel time. The minimum allowable distance due to 
a temperature boundary is estimated at 0.25 AU. Studies conducted by NASA concluded 
that a spinning disc sail will attain the required sail assembly loading to achieve the 15 year 
target. The spinning sail configuration proposed will have a sail mass of ~  310kg and IHP 
spacecraft dry mass of 210kg. The radius of the sail will be about 150m with a sail film 
thickness of 1-2 micron [49, 51].
2.3.1.5 Solar Sail K inetic Energy Im pactor (K EI) M ission
Asteroid mitigation is a problem that has been studied in detail. One of the ways of 
deflecting an asteroid from a collision path with Earth is to change its orbit by colliding 
it with a high energy impactor. A Solar Sail can reach high velocities and achieve the 
necessary kinetic energy for an effective impact and change of the asteroid’s path.
Mclnnes in ” Defiection of near-Earth asteroids by kinetic energy impacts from retrograde 
orbits” [52] first proposes the use of a Solar Sail for defiection of Asteroids. Two other 
missions by Wie [53] and Dachwald et al [54] also propose that use of Solar Sails to address 
this problem. Wie assumes a 200m fictional asteroid detected on 4 July 2004 to impact 
Earth on 14 January 2015. While Dachwlad deals with the asteroid 99942 Apophis which
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is due for a near-Earth or even impact in 2036. Both papers, propose the use of a Solar Sail 
with a 0.5mm/s^ characteristic acceleration.
The mission will consist of a 130kg (Wie’s) or 108kg (Dachwald’s) Sail and a 130kg kinetic 
energy micro satellite impactor. In Wie’s case, 10 of these sailcrafts are required, while in 
Dachwalds solution one will be required before a critical point in the asteroids path in 2029 
or several after.
2.3.2 Past and Current Solar Sail M ission A ttem pts
In the previous section, the missions presented are all missions that first and foremost utilise 
the propulsion capabilities of Solar Sails to achieve a primary objective. One can argue 
that one of the reasons none of these missions have ever flown is because the technologies 
involved in constructing a solar sail are not at an adequate technology readiness level [55]. 
In addition, scientific objectives and their payloads complicate a sail mission and increase 
the possibilities of failure.
Hence, to further Solar Sail technologies, demonstration missions are needed. These missions 
should be simpler, focus on only solar sailing technologies and improving the technology 
readiness level of critical subsystems such as sail deployment and attitude control. These 
improvements and demonstration of small scaled Solar Sails can then be transitioned into 
small scaled science missions like the GeoSail Solar Kite [33]. A 3m demo mission can be 
scaled up into the 10m Solar Kite. Below is a review of recent efforts by researchers to 
launch a Solar Sail, demonstrate these technologies and verify sail propulsion capabilities.
2.3.2.1 Cosm os 1 (P lanetary  Society)
Cosmos-1 was the first Solar Sail spacecraft ever built. It was designed and constructed by 
the Planetary Society. The mission was to demonstrate Solar Sail technology and use the 
sail to increase the orbit of the spacecraft around the Earth. The Solar Sail had a spinning 
disk shape, consisting of 8 x 15m blades. The blades rotated about a single pitch axis, by 
changing each blades sun-angle the attitude of the sailcraft is controlled. The blades were 
5-micron think, to be deployed using infiatable tubes. [5, 6]
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Figure 2.5: Artist’s Impression of Cosmos 1 Solar Sail, courtesy of the Planetary society
The mission was launched on 21 June 2005 on board a Russian Volna Rocket. According to 
the planetary society the first stage of the rocket did not complete its burn and the Solar 
Sail never entered into orbit. The mission would have had a 78° inclined orbit at 830km 
altitude. [5, 6]
2.3.2.2 N anoSail-D  (NASA)
From 2000 until 2005 NASA funded research into Solar Sails. This funding was terminated, 
and so to capitalise on its investment, NASA’s Marshall Space Flight Centre funded a Solar 
Sail called the NanoSail-Deorbit or NanoSail-D [7, 56]. It was a lOm^ sail that fitted inside 
the 3U CubeSat structure with a mass of 3kg. The satellite was designed and built in the 
first 6 months of 2008. NanoSail-D’s main mission objective was to successfully stow and 
demonstrate the deployment of a lOm^ sail in orbit. Subsequently it would use the effects 
of drag on the sail for de-orbiting.
The spacecraft did not have any means of active control. It would use passive permanent 
magnets to de-tumble and orient the body. After deployment the atmospheric drag effects 
are used to passively stabilise the sail.
NanoSail-D was launched on board SpaceX’s Flacon-1 on 2 August 2008, the launcher 
experienced a failed stage separation and the second attempt at launching a Solar Sail 
never reached orbit [7]. The NanoSail-D flight spare was launched in autumn of 2010 but 
failed to separate from the launch vehicle [57].
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2.3.2.3 IK A RO S (JA X A )
The Japanese Space Agency (JAXA) has been working on a Solar Sail demonstration mission 
called Interplanetary Kite-craft Accelerated by Radiation Of the Sun (IKAROS) [58, 59, 60]. 
The objectives of the mission are to successfully deploy the sail membrane, accelerate using 
solar radiation pressure and navigate using the change in the centre of pressure.
Figure 2.6: deployed IKAROS courtesy of jaxa
IKAROS has a mass of 300A:^  and is 20m in diameter (about 200m^). Assuming a sail 
efficiency of 85% IKAROS has a characteristic acceleration of about 0.005m,m/s^.To deploy 
its sail and maintain a flat surface it will spin at 2.5 revolutions per minute making it a spin 
stabilised Solar Sail. In addition, the Solar Sail has strips of membrane that can change 
in reflectivity, changing the centre of pressure of the system and giving further control. 
IKAROS-1 was launched on May 2010 and deployment was successfully carried out a few 
weeks later.
An onboard camera detached from the main sail and captured IKAROS in its deployed 
state, marking the first successful deployment of a Solar Sail, see Figure 2.6. Because of its 
small characteristic acceleration, it took two months until JAXA confirmed acceleration of 
IKAROS due to the solar radiation pressure force. They used comparison between calculated 
values and observed Doppler measurements for this verification. The thrust was measured 
to be 1.12mN [61] immediately after sail deployment was completed. This is equal to a mass 
of 0.114 g under Earth’s gravity.
Subsequently liquid crystal devices were used to successfully control the attitude. This was 
achieved by changing the reflectivity of the liquid crystal devices positioned at the edges of 
the membrane. The devices were synchronously turned on and off with the rotation rate of
23
2. Literature Review
the Solar Sail and position of the Sun, to achieve the desired attitude. [61]
2.3.2.4 Light Sail-1 (P lan e ta ry  Society)
The research efforts from NanoSail-D have been passed on to the Planetary Society who 
are now undertaking a series of Solar Sail missions called LightSail [62]. The first of these 
is LightSail-1 which aims to demonstrate the deployment of a 4-quadrant 32m^ sail held 
together by 4x 4m booms. It will measure the thrust exerted by the solar radiation pressure. 
The two other missions in the series are Light Sail-2, which aims to demonstrate Solar Sail 
propulsion and LightSail-3, which aims to escape Earth’s gravity and approach the Sun- 
Earth LI point. [62, 63]
Figure 2.7: CAD model of LightSail-1 co u rtesy  o f  th e  P la n e ta r y  S o c ie ty
LightSail-1 is based on the 3U CubeSat platform with a mass of less than bkg (see Figure 
2.7). It will be inserted into an 800A:m orbit and will use the Air Force Research Laboratory’s 
TRAC booms to deploy the 5.6m x 5.6m, 4.5//m Mylar sail. For attitude determination 
the sailcraft uses four sun sensors and three single axis gyros. In addition, a momentum 
wheel and three magnetometers are used to control the sailcraft to within a 10° accuracy 
[64]. The spacecraft uses 6 accelerometers to measure the effects of solar radiation pressure. 
LightSail-1 is scheduled to be launch in the first quarter of 2011.
2.3.2.5 G ossam er-1 (D L R /E SA )
The German Space Agency (DLR) together with the European Space Agency have jointly 
devised a road map for solar sailing that includes a series of Solar Sail demonstration missions 
called Gossamer [65]. As with the other missions in this section, the Gossamer space­
craft do not carry any scientific payload and are solely designed to demonstrate Solar Sail 
technologies. Starting with small dimension booms and sail, the technologies involved in
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gossamer will be ones that are scalable.
Three missions (steps) are devised for this road map, Gossamer-1 will demonstrate the 
deployment of a 5m x 5m Solar Sail in a 320A:m orbit. This mission will be launch in 2013, 
Gossamer-2, launches by 2014 and will deploy a 20m x 20m sail at 500A:m orbit. Besides 
deployment, limited demonstration of orbit and attitude control systems will be carried out, 
Gossamer-3, launches in 2015 and will deploy a 50m x 50m sail at 10, OOOA;m orbit. This 
final mission will fully demonstrate control and aims to achieve acceleration of more than 
0,lmm /s^, escaping the Earth’s orbit in around 100 days [65], Gossamer-1 will have a mass 
of 24kg and will use 7,5/rm Kapton coated Aluminium for the sails. Four, 3,75m booms 
made by DLR [66, 67] will be used to tension the sail membrane,
2.3 .2 .6  C U  A erospace’s C ubeSail
CU Aerospace, together with the University of Illinois, is constructing a Solar Sail called 
the CubeSail, The goal of the mission is to demonstrate deployment and stability of the 
film, demonstrate orbit raising and measure thrust exerted by solar radiation pressure. The 
CubeSail consists of two 1,5U CubeSats that will separate in-orbit. Each CubeSat contains 
a 6,2/im x ,077m x 130m sail film. Together the two CubeSats will unfurl a 260m long film 
with an area of around 20m^, [68]
This concept is a step towards a larger mission called UltraSail, This is a spin stabilised sail 
with multiple blades the order of km in length. The CubeSail concept will be used in each 
blade, where each blade has a so called tip-satellite. These satellites will control deployment 
and spin rate. The UltraSail is claims o be able to carry 60% of its mass as payload, [68]
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2.4 Solar Sail Technologies
There are two main obstacles that have hindered the use of Solar Sail propulsion for the 
missions discussed earlier. These obstacles are in-space deployment of the sail and sailcraft 
attitude control. Current research efforts and technology demonstration missions address 
parts of these obstacles. Below, current attitude control technologies for Solar Sails together 
with space deployment options and sail deployment concepts currently under development 
are reviewed.
2.4.1 A ttitude Control
Attitude control is a critical element of a successful Solar Sail mission. Controlling the 
attitude enables change in the sail’s sun-angle and subsequently control in the direction of 
thrust. Solar Sails, unlike conventional spacecraft cannot switch their propulsion system 
on and off. The constant solar radiation pressure acting on the sails create the need for a 
constantly controlled attitude.
There are several challenges when controlling the attitude of a Solar Sail. Firstly, the 
large sizes of the sails produces large moments of inertia. For example, a 160m by 160m, 
450fcp Solar Sail (designed for the solar polar imager mission) has a moment of inertia of 
642,87Qkg-m? about its roll axis [15, 45]. These massive moments of inertia require actuators 
that can produce large amounts of torque. But at the same time, the flexible nature of the 
sail, limits the slew rate of the sailcraft.
In addition, the effects of sail mass and area on the performance of a Solar Sail has been 
shown. Smaller masses and larger sail areas exposed to sunlight lead to higher characteristic 
acceleration. In effect, the amount of area and mass reserved for the bus and the attitude 
control subsystems are very limited. In Chapter 4, it will be shown how conventional 
actuators are inadequate for controlling a Solar Sail thus requiring other means of control.
One of the solutions to this problem is using the CM/CP offset disturbance force. This 
offset causes a constant unwanted torque about the Solar Sail. But one can change the 
centre of mass and/or the centre of pressure with respect to the other to correct this offset
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and utilise it to provide control. There are many attitude control actuators that use this 
offset: these are reviewed in Chapter 4.
Based on the review conducted, it can be concluded that existing sail attitude control 
actuators are insufficient. They mostly rely on using the main sail structure and need to 
be mounted on the actual sail. Other system which do not use the main sail structure like 
the gimballed booms or use of rails to move the payload are too mechanically complex. 
This will increase the risks involved in sail deployment and further complicate an already 
complicated problem. Hence a need arises to develop an attitude control system that is 
simple and decoupled from the sail structure.
2.4.2 M embrane M aterials
The sail membrane has been a major obstacle in the realisation of Solar Sails. Three major 
factors play an important role in the selection of the sail membrane material. First is the 
membrane’s coefficient of reflectivity. Based on the force equations described previously, 
the higher the percentage of specular reflection, the larger the force will be. The first time 
Tsiolkovsky [23] suggested the idea of solar sailing, he referred to them as large mirrors in 
space [3]. A perfect mirror would make the ideal sail.
The second factor is mass. Following F  = ma, the larger the mass of the Solar Sail, the 
smaller the acceleration will be. So in order to build a high performance Solar Sail with 
large characteristic acceleration, the Solar Sail mass and most importantly the membrane 
mass need to be as small as possible.
The third factor is temperature. The equilibrium temperature of a surface depends upon 
the ratio between the absorptivity and emissivity. It this ratio is less than one, the surface 
tends to run cold and if it is greater than 1 it tends to run warm. As an example it can be 
seen that sail membrane optically experimented on by JPL (Table 2.2) has an a/e ratio of 
close to 0.2. This sail will run cold. Other factors which determine the temperature of a 
Sun facing sail is the absorbing and emitting areas (both sides of the sail membrane).
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(a) Aluminzed Kapton credit:NASA (b) inao/vs CP-1 polymer mem­
brane credit: SRS
Figure 2.8: Sail membrane material
2.4.2.1 K apton
Kapton is a polyimide film that can maintain its chemical and mechanical properties over 
a wide temperature, ranging from —273°C to +400°C (0 to 673°K ). Kapton is created and 
patented by DuPont[69]. The fact that Kapton is very light, with a density of \A2glcrr? 
[69] and can withstand high temperatures, makes it a suitable candidate for use in sail 
membranes. The type of Kapton suitable for Solar Sail applications is Kapton-HN a space 
ready, general-purpose film. Kapton is not reflective and needs to be coated, Mclnnes 
[3] suggests Aluminium, Lithium or Silver coatings of Kapton to create a highly reflective 
surface. Kapton coated aluminium with an 8gm thickness has a density of 12^/m^[70]. 
Figure 2.8(a) shows a protecting panel designed for the Hubble space telescope that uses 
layers of Kapton coated aluminium.
2.4.2.2 CP-1
CP-1 is a high performance, highly reflective polymer membrane developed by NASA- 
Langley and currently being manufactured by SRS Technologies. Its density is lAM g/cc  
with an operating temperature from Cryogenic to 250°C [71], in addition to being resistant 
to UV radiation. In comparison with other materials, CP-1 is currently the most optimal 
choice for a sail membrane, due to it’s highly reflective, mirror like surface.
The mass-loading of the above options are shown in Table 2.2 with the masses for a 25m^
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Material mass-loading {g/m^) mass of 25m^ (g)
8/imAluminized Kapton 12 300
5/im CP-1 7.7 180
12/im CP-1 17.2 430.2
Table 2.2: Sail membrane Material
sail. In addition to the above materials, the Planetary Society on their Cosmos-1 Solar Sail 
used an PET (polyethylene terephthalate) coated aluminium membrane (Mylar). Further 
discussions into the properties of different materials and their manufacturing processes are 
beyond the scope of this thesis.
2.4.3 D eploym ent Options in Space
In general, deployment in space is divided into two categories, hinged and linear deploy­
ment [72]. The hinged deployment devices work by rotating hardware from one position to 
another, they sweep across an area of space to ultimately reach their final position. This is 
while most other devices deploy through the space they will ultimately occupy. The hinged 
deployment devices are generally not suitable for Solar Sail applications, mainly due to their 
small deployed-to-stowage-size-ratio.
The second type of deployment device is the linear deployment devices [72]. These devices 
are more suitable to be used as sail membrane deployers. As they move through the space 
they ultimately occupy and enable larger, lighter structures. These can be divided into five 
categories as follows:
2.4.3.1 W ire D eployers
For a wire deployment system to work the spacecraft must be spinning during and after 
deployment. The centripetal force deploys the wires and induces a tension in the deployed 
wire to keep it straight. There are several types of wire deployers, the Yo-Yo De-spin Device, 
The Drum Déployer and Tethers.
• The Yo-Yo De-spin is designed to de-spin a spacecraft by positioning masses at the 
tip of the wires. The wires will start to deploy using the centripetal force produced
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(a) DLR’s CFRP[66] (b) Bi-stable reeled com- (c) Spring helix cross- (d) AFRL’s TRAC [74] 
posite [73] section
Figure 2.9: Tubular Booms
by the spacecraft. As the masses move further out the spacecraft’s spin rate decreases 
and eventually is de-spun at which time the wires are detached from the spacecraft.
• The Drum Déployer is generally used when a wire structure is to stay attached to the 
spacecraft, like gravity gradient booms or Solar Sails.
• Tethers use the same drum type deployment mechanisms, but usually are designed 
for very long lengths, in the order of 10s of km. They are used for deployment of 
massive instruments and laboratories, gravity gradient devices, spacecraft propulsion, 
generation of electricity and etc. Because of their length and low tension, oscillations 
and travelling-wave phenomena can cause undetermined scenarios.
2.4.3.2 Tubular B oom s
Tubular booms are stored flat in reels. When deployed they become curved and obtain 
their stiffness. They are highly reliable and take up less stowage volume per length of 
deployment. They have been used for antennas, gravity-gradient booms, planetary-landers 
sampling arms and support instruments on board spacecraft [72].
There are different design varieties of tubular booms. They mainly differ in deployed cross- 
section geometry and layering configuration. Conley [72], displays the different types and 
their shapes in a table. There are four popular tubular boom types used in space structures, 
they are:
• Overlap thin-w all tu b e (O T W ), when extended, cause the walls to overlap onto 
each other, increasing strength and stiffness. Theoretically, they can have unlimited
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length and can be stowed efficiently. Figure 2.9(b) shows an OTW boom created by 
RolaTube Ltd [75] .This particular boom is a bistable reeled composite. Galletly [76] 
also presents a similar Bistable composite boom.
• M ulti-elem ent th in-w all tu b e  (M TW ) has two or more nested elements, resulting 
in considerable increase in stiffness and strength.
• L enticu lar booms are made by welding the edges of two curved sheets back to back. 
Figure 2.9(a) shows a lenticular boom developed by DLR[67]. In addition, a similar 
boom is designed by Air Force Research Laboratory (AFRL) called TRAC (see Figure 
2.9(d)). The boom is designed by putting together one side of the curved blades back 
to back to create a triangular shape [74]. The drawback on these types of booms is 
the fact that they are stored on small-diameter drums causing large shear stresses to 
develop at the welds between the two halves.
• Spring-helix is a fiat helical spring, Figure 2.9(c), deployed by pulling the centre of 
the spiral along the axis of the coil. It can be self deployable or motor driven but 
its structural properties are generally poor and more suitable for antennas or gravity 
gradient booms.
There are three types of deployment mechanisms for tubular booms. First is the self­
extending tip reel, where the drum that holds the boom is at the tip of the boom and the 
boom root is fixed to the spacecraft. This method is preferred by DLR[67]. Second is the 
self-extending stationary reel, where the drum is at the root of the boom and reels the boom 
out, which is used in the AFRL TRAC booms. The third mechanism, spirally deploys the 
boom from the reel and is used to deploy spring-helix booms.
2.4.3.3 Telescoping Boom s
Telescopic booms usually have shorter lengths than tubular booms, but can be stored in 
small diameters. They can be used in applications requiring higher strength and stiffness 
and retraction capability. ATK [77] has developed a telescopic boom that is currently being 
used on the international space station for Extra-vehicular activities (EVA). Figure 2.10(a)
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(a) ATK telescoping boom [78]
(b) Coliable mast [77] (c) L’Garde inflatable beam [79]
Figure 2.10: Telescoping, Coilable and inflatable deployment options
shows this telescopic boom design. Given their large length to mass ratio, they are not 
suitable for Solar Sails.
2.4.3.4 Coilable M asts
Coilable masts wrap the spring-wires that run along the full mast length into a tight helix. 
ATK-Able has constructed these masts (See Figure 2.10(b)). ATK-Able’s designs are cap­
able of 15 to 50 cm diameters and length of over 100 meters. The stowage length is 2% of 
deployed length and weighs at 50p/m. In the lanyard deployment method, the stowed strain 
energy from the spring-wires drives the mast out. The mast tip rotates as it is deploying.
In the canister deployment method, however, motor drives are used to deploy and could be
used to retract the mast. Coliable boom applications according to AEC-Able are deploy­
ment and retraction of solar arrays, magnetometers, gravity gradient masses, antennas and 
instruments and deployment of Solar Sails.
2.4.3.5 Inflatable Structures
These deployment systems use some sort of gas to inflate the structure and UV from the 
Sun to maintain the rigidity of the structure. Other methods use foams to inflate the booms 
and maintain post inflation rigidity. The beam stowage size of this deployment system is 
very small, but the supporting structures for storing the gas increase the mass and size.
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L’Garde developed an inflatable boom for NASA’s Interstellar Probe (ISP) mission (see 
Figure 2.10(c)). The booms walls are designed in an iso-grid configuration [79].
2.4.3.6 O ptions for Solar Sails
From the above categories of linear deployment options, the following hold considerable 
promise for Solar Sail deployment: Tubular booms give good stowage to deployed ratio and 
are suitable for small to medium scale sails. Coilable masts are designed to be efficient for 
large lengths and are suitable for medium to large scale Solar Sails. This is while inflatable 
structures allow for different size and shape sails. They become more efficient in larger sails 
and are suitable for a wide range of scales.
2.4.4 Solar Sail D eploym ent Concepts
One of the important technological challenges that is facing Solar Sails is in-space deploy­
ment. Because of limited launch volume and the need for large surface areas. Solar Sails 
are built on the ground into a stowed configuration and subsequently deployed in space. 
The deployment mechanism will consist of many mechanical components that are prone 
to failure and will increase the risk in deployment. Some of the major recent ground and 
in-space deployment efforts for Solar Sails by various institutions are presented here.
2.4.4.1 L’Garde C oncept
NASA’s In-space Propulsion (ISP) program provided funding for Solar Sail technology de­
velopment [80]. The program involved basic technology research, 10m and 20m sail quadrant 
deployment and 20m full sail deployment to increase the technology readiness level (TRL) 
of Solar Sail propulsion [9]. Two deployment avenues were taken: the ATK Coliable masts 
and L’Garde’s inflatable booms.
L’Garde fabricated and tested a 10m quadrant system in 2004 and a 20m system in 2005. It 
used an inflatable rigidisable boom mentioned in the previous section. The boom is cylinder 
in shape and hollow with a layered wall. The space between the two layers is used to inflate
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(a) L’Garde 20m ground demonstration [81] (b) ATK 20m ground demonstration [81]
Figure 2.11: NASA’s In-Space Propulsion Solar Sail ground demonstration efforts.
the boom. In 2005 they successfully tested a deployment system in vacuum (see Figure 
2.11(a)) that used 2/im Mylar with aluminium coating for the sail membrane.
The sail was divided into four quadrants, each consisting of diagonal sail strips. This 
“stripped net” architecture enabled a light weight boom with low tensile stress on the sail 
membrane [9]. But this resulted in billowing of individual strips and a net loss of about 2% 
[80] in sail propulsion capability. Figure 2.11(a) shows the successful 20m deployment.
For attitude control, L’Garde proposed the use of articulated tip vanes. Rotating the tip 
vanes changes the CP with respect to the CM and enables three axis attitude control. 
Overall this concept stows in a 2.14m^ volume with a sail areal density of ZQg/vn? for the 
20m sail, scalable to 1.04m^ and 14.1^/m^ respectively for a 100m sailcraft [80].
2.4.4.2 ATK C oncept
ATK was the other contractor for NASA’s In-Space Propulsion project for Solar Sail de­
velopment. ATK’s design used four Coilable masts mentioned in the previous section. The 
masts are first extended out followed by the deployment of the sail membrane using tethers. 
The sail membrane quadrant is folded along parallel lines and wrapped around a spindle.
The membrane material used for the experiments were a 2/zm CP-1 with aluminium coating. 
The sail quadrants are supported at three points with shear compliant border to insure a 
flat sail. Figure 2.11(b) shows the successful deployment of the 20m system.[81, 82, 83]
ATK uses lanyard masses running inside the booms to change the CM with respect to the
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Figure 2.12: Nanosail-D Solar Sail in it’s deployed configuration, courtesy of nasa
CP for pitch and yaw control and spreader bars at the tips for roll control. This deployment 
concept can be stowed in a 0.9m^ volume with a sail loading of Vlg/rr? for the 20m sail, 
scalable to 1.5m^ and WAgjvr? respectively for a 100m sailcraft [80].
2.4 .4 .3  N anosail-D  C oncept
The deployment concept designed for the NanoSail-D mission is a lOm^ sail based on the 
CubeSat structure. The sail subsystem occupies 2/3 of the 3U CubeSat standard structure. 
The sail has a 4-quadrant configuration and made of 2/im CPI polyimide membrane. The 
sail membrane is z-folded and rolled onto a sail spool. [80]
The booms employed were 2.2m long and made of tape spring material. Two tape spring 
blades back to back formed the booms and in its stowed configuration were wrapped around a 
spindle. The booms were developed by the Air Force Research Laboratory [7, 56, 74] and are 
an earlier version of TRAC. Figure 2.12 shows the NanoSail-D in its deployed configuration.
2.4 .4 .4  JA X A  C oncept
Efforts by JAXA to successfully deploy a Solar Sail have been going for some time. In 2004 
they launched a sounding rocket with a 10m diameter disk membrane on-board [84]. They 
were successfully able to deploy the membrane at 122km altitude. A second test at 172km 
altitude on board the same rocket did not yield satisfactory results and the membrane only 
partially unfolded. The same centripetal force used in wire deployers was used to deploy 
the sail.
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Figure 2.13: IKAROS first stage (left) and second stages (right) of deploymentcourtesy of jaxa
The configuration used by JAXA is a single sheet membrane, using Guest Sz Pellegrino’s [85] 
idea of single sheet folding with Landford’s [86] [87] folding apparatus. Satou [87], Sakamoto 
[88] and Mori [59] present a detail theoretical and analytical analysis of the folding pattern 
and deployment together with experimental results. These deployment efforts lead to the 
IKAROS [8] mission previously discussed.
IKAROS is Slbkg and uses 0.5kg tip masses and a constant spin rate of 2.5rpm to tension 
the sail membrane. The membrane consists of a 7.5/rm polyimide coated aluminium for 
propulsion, of which an area occupies a 25/zm thin film Solar Sail for power generation and 
strips of liquid crystal devices along the edges for attitude control. In effect this concept uses 
ideas from the Yo-Yo de-spin and Drum deployment methods as part of the Wire deployers 
mentioned earlier.
The membrane is deployed in two stages. The first stage involved the release of the tip 
masses and only parts of the sail. The spin rate in this stage started off at 25rpm and ended 
at brpm. The second stage involved deployment of the full membrane and a final spin rate 
of 2.5rpm (see Figure 2.13).
Figure 2.14: Time lapsed images from a camera being detached from IKAROS courtesy of jaxa
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IKAROS has now been successfully launched and deployed, and has been able to demon­
strating Solar Sail propulsion. Figure 2.14 shows time lapsed images of a camera separating 
from IKAROS after deployment.
2.4.4.5 D L R  and E S A ’s G ossam er Concept
DLR, the German space agency, has also successfully conducted a 20m sail ground demon­
stration [67, 70]. The deployment system used DLR’s carbon fibre reinforced plastic (CFRP) 
booms [67], part of the lenticular boom category. Similar to ATK, the booms were initially 
deployed to 14 meters in length, after which tethers pull the sail out from its compartment. 
The total sail area was 330.5m^ stowed in a 0.19m^ volume. The deployment model was 
made from non-flight ready components and to keep the booms from touching the ground 
helium balloons were used. In addition, DLR has tested the CFRP boom on board a para­
bolic flight and in 0-g conditions [89]. Figure 2.15 shows time lapsed images of the DLR sail 
deployment.
; c
»  <*>
Figure 2.15: DLR 20m sail deployment using CFRP booms [70]
2.4.4.6 FU RL (Air Force R esearch Laboratory)
The Flexible Unfurlable Refurlable Lightweight (FURL) [90] Solar Sail uses the Air Force 
Research Laboratory’s (AFRL) lenticular booms called TRAC [74]. The booms are triangu­
lar in shape and are made of carbon fibre reinforced polymer (CFRP). The concept consists 
of a 4m X 4m single sheet membrane with a 2.2m diameter circular cut-out in the middle. 
The sail membrane, in addition to the TRAC booms, is supported by a network of vanes. 
This enables the design to be retractable and to be able to refold on to the desired lines 
(see Figure2.16(a)).
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t  TRAC
1 RAC masts
(a) AFRL’s deployed FURL Solar Sail [90] (b) CU Aerospace’s concept [68]
2.4 .4 .7  CU  A erospaces’s C ubesail C oncept
The CU Aerospace’s CubeSail [68] as mentioned earlier, will consist of two 1.5U CubeSat. 
Each will house a reel within 0.5U structure that has a 130m x 77mm membrane wrapped 
around it. The two structures will use a lead screw mechanism to separate from each 
other. The reels use commercially available DC motors to uncoil the membrane and gravity 
gradient forces between the two units will tension the sail.
The membrane is Mylar with a coating of aluminium on both sides. But later it was found 
that the double sided aluminium coating will trap heat and cause problems. The concept 
will eventually use polymide films with a single coat of aluminium.
During deployment the team discovered a peal force between the different layers of the 
membrane that caused problems. To reduce this force the membrane and slits they exit 
from are both made from conductive material. After full deployment the membrane strip 
will be 260m in length with an area of 20m^. This concept will eventually be used as the 
blades of a large, km-sized Solar Sail called UltraSail. [68]
2.4.4.8 Spinning deploym ent concept
A ground demonstration of a 400m diameter JPL Solar Sail for a scientific mission to the 
heliopause was developed by Salama et. al [91]. The sail membrane is divided into six 
sections and each section is stowed using a z-fold around a spindle. Initially 3 booms are 
extended each carrying two sections. After which the centripetal forces and tensioning 
of tethers enables a full deployment. Maylar and Nylon films are used in a laboratory
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experiment to deploy an 80cm diameter sail. Sail inspection after deployment revealed 
tearing of up to 2cm in length in two of the sections.
2.5 C hapter Conclusions
In this chapter a historical overview of solar sailing was presented together with the under­
lying fundamental equations and performance parameters for Solar Sails.
A review of the proposed missions for Solar Sails was carried out, showing how Solar Sails 
can enable new classes of orbits and missions that are difficult to achieve with conventional 
propulsion. It was found that most of these missions are designed for science applications, 
utilising the Solar Sail as a method of propulsion. Given that none of these missions have 
flown, shows a need to develop and demonstrate solar sail technologies before it can be used 
in science missions.
By launching a demonstration mission, the technology readiness level (TRL) of Solar Sails 
will increase, giving scientists confidence in this propulsion method. Several demonstration 
missions that attempt to do this were presented of which only one was successfully launched 
by JAXA. These small demonstration missions can be transitioned into a small science 
mission - one that does not require a large sail. As an example the Geosail Solar Kite [32] 
is a 10m small scale missions that can benefit from a nano-sized sail demonstrator. Solving 
technological challenges with small scale sails will reduce the risks and increase the TRL, 
paving the way for these science missions.
These technological challenges for constructing a viable Solar Sail propulsion system were 
found to be in two areas. These two areas, the attitude control and deployment systems, 
have created obstacles and are both critical for a successful mission. An overview of research 
into current Solar Sail attitude control systems is given with a more detailed discussion in 
the following Chapter 4.
To understand the Solar Sail deployment challenge, current space deployment options were 
reviewed. Among these tubular booms, Coilable masts, inflatable structures and deployment 
via centripetal forces were found to yield the best results for Solar Sails. This was also
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shown in a discussion of the recent deployment efforts carried out by researchers which 
mostly produced ground demonstrations of various size sails.
In conclusion three areas of importance were identified. The need to move towards improving 
Solar Sail TRL through technology demonstration was the first. The other two are identified 
to be technology oriented, one being attitude control and the other, sail deployment. The 
next chapter deals with the first area and presents a low-cost nano Solar Sail demonstration 
mission called CubeSail. By solving these two technology oriented challenges
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Cubesail: A nano-Solar Sail 
M ission
In the previous chapter, the two main challenges in the design and construction of a Solar Sail 
were identified to be sail deployment and sail attitude control. Various proposed missions 
that use Solar Sails were investigated. In most of these missions, sails of larger than 40m 
and even up to 250m were proposed. These large sizes are necessary for a Solar Sail to 
achieve the required characteristic acceleration and propulsion capability.
But given that no science mission utilising sail propulsion has yet flown, a need for a 
demonstration mission rises: a mission that would prove the concept of Solar Sailing and 
demonstrate the technologies involved. Such a mission could possibly act as a catalyst and 
strengthen Solar Sail propulsion as a viable alternative. In this Chapter, one such mission 
called the Cubesail is presented. Cubesail is a low-cost 5m x 5m sail in a 3kg nano-satellite 
configuration. This mission will be used as a basis throughout this thesis to approach the two 
main obstacles facing the construction of a Solar Sail, attitude control and sail deployment.
3.1 The M ission
Cubesail is a 5m x 5m Solar Sail designed to demonstrate the concept of solar sailing and 
research technologies needed for the future construction of Solar Sails. The Cubesail project
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is funded by EADS Astrium and is currently being designed and built at the Surrey Space 
Centre. There are four objectives outlined for this mission. They are as follows:
• Demonstrate deployment of a 25m^ Solar Sail in low-Earth orbit.
• Demonstrate Solar Sailing over a one year period.
• Implement and demonstrate a 3-axis active ADCS.
• De-orbit the Solar Sail using aerodynamic drag.
3.1.1 Scope and Lim itations
To keep the mission costs low, piggy back launch opportunities are considered. Among 
satellites launched. Earth observation satellites are the most accommodating and frequent. 
To this extent, the Cubesail will use such launch opportunities to be inserted into a 700- 
800km Sun-synchronous orbit. This altitude is at the point where the force of drag and 
force of solar radiation pressure are balanced and is the minimum for successfully flying a 
Solar Sail.
Another important aspect that needs to be considered is the interface of the satellite with 
the launch vehicle. This process can be complex and costly and is the reason the CubeSat 
[16] standard has been chosen as the Cubesail’s satellite platform. This standard enables 
the use of the Poly-PicoSatellite Orbital Déployer (PPOD) [92] ejection mechanism, and 
eliminates the need to build the interface to the launch vehicle’s ring adaptor. PPOD is a 
standard interface that houses three standard CubeSat units.
The use of the CubeSat standard results in limitations on the Cubesail design. The CubeSat 
standard limits the spacecraft volume to a base area of 100mm x 100mm, and gives the 
option for 3 CubeSat sizes: the lU, with a height of 100mm, the 2U, with 200mm and 
the 3U, with 340mm. The 3U is the maximum size that can fit inside the PPOD déployer 
and is the chosen platform for the Cubesail. The other constraint imposed by the CubeSat 
is the maximum mass of 3kg for the 3U structure. The mass is also constrained by the 
characteristic acceleration required to successfully demonstrate Solar Sailing.
42
3. Cubesail: A nano-Solar Sail Mission
1U 100mm 
CubeSat Bus
jCubeSail
0.4U 40mm I x  Attitude Actuator
E
Eo
S 2U 200mm Deployment
100mm
Figure 3.1: Cubesail concept in the stowed and deployed configuration
3.2 Sail D esign
Structurally, the Cubesail is divided into 3 main sections, the satellite bus, the attitude 
control actuator and the sail deployment subsystem. These systems are confined to the 
CubeSat standardised 3U volume with a 100mm x 100mm base area (see Figure 3.1).
The choice of the 4-quadrant sail gives simplicity and practicality to its design and con­
struction. To achieve the 25m^ area, each quadrant will occupy 6.25m^ and will be held in 
place by four booms. The booms must be designed to extend 3.6m from within the available 
volume.
The deployment subsystem consists of the boom stowage, the sail membrane stowage and 
the deployment mechanism. The challenge is to design booms that will fit inside a small 
volume together with the folded sail membrane and be able to deploy successfully in space. 
The design, construction and testing of the deployment subsystem will be covered in detail 
throughout Chapters 6 and 7.
The position of the sail deployment subsystem with respect to the CubeSat bus is critical. 
In the case of the Cubesail, and as seen in Figure 3.1, the deployment system is behind the 
CubeSat bus compared to the position of the Sun. This enables the centre of pressure (CP) 
of the system to remain behind the centre of mass (CM) and enable a stable system.
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The sail is 3-axes stabilised and uses the CM/CP offset in addition to other actuators to 
control its orientation. A spin-stabilised 2-axis system is also able of maintain the desired 
attitude, however, a 3-axis stabilised system was defined, to demonstrate the capability 
as one of Cubesail’s mission objectives. In Chapter 5 the attitude control system for the 
Cubesail will be briefly discussed as part of a Scalable bus-based ACS for Solar Sails.
The use of CM/CP offset for attitude control raises an important design consideration. As 
the positions of the CM and CP will not be on the same plane, the distance between the 
planes they lie on becomes important. This distance determines how far CM or CP needs 
to be moved in the plane they reside on to induce the desired attitude change. Through 
simple geometry, the smaller the distance between the two planes the higher is the maximum 
achievable control angle.
3.2.1 CubeSail Characteristic Acceleration
To design a Solar Sail, the most important performance measurement to consider is the 
characteristic acceleration. The acceleration caused on the sail due to the impact of photons 
at one astronomical unit (1 AU) from the Sun. Both the spacecraft total mass (m^) and sail 
efficiency (tj), effect this performance variable. The equations describing the acceleration 
and sail assembly loadings in Chapter 2 for the CubeSail is used.
Given the 5m x 5m sail size, the O.lmm/s^ to 0.25mm/s^ characteristic accelerations are 
examined. Knowing the sail area, the total mass can be determined as follows:
m r =  (3.1)ÜQ
1938p < r r i T <  775.2g (3.2)
where the sail efficiency (77) is set at a typical value of 0.85 [3]. The total spacecraft mass 
must be somewhere between 0.8kg to 1.9kg to achieve such characteristic accelerations. 
Assuming the bus (CubeSat) is roughly about 1kg, the O.lmm/s^ acceleration scenario can 
only be considered realistic. It can then be concluded that the sail-assembly loading in this
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scenario should be:
M  = 37.5g/m'
Uq A
(3.3)
This sail assembly loading is very difficult to achieve because of technological limitations, 
which will become clear in the later chapters. Other characteristic accelerations and hence 
sail assembly loadings need to be considered. Table 3.1 shows these other characteristic 
accelerations and the corresponding sail assembly and boom assembly loadings.
tto Sail size Mass {kg) Sail-assembly Boom mass
mm/s^ (m) Total Bus ACS Sail-assembly Sail film loading (^/mO loading (^/m)
0.0645 5 3.0 1 0.15 1.85 0.180.43 73.93
109.4
98.33
0.0775 5 2.5 1 0.15 1.35 0.180.43 54.03
74.22
63.12
0.1 5 1.94 10.5 0.15
0.79
1.29 0.18
31.52
51.52
35.35
69.88
0.25 5 0.78 0.3 0.15 0.38 0.18 13.01 3.13
Table 3.1: Different Cubesail mass configurations
Observing the results of the above table, the 0.0645 and 0.0775 mm/s^  scenarios are the more 
realistic options. They enable a larger mass spacecraft and higher sail assembly loading. 
This will reduce the costs involved and enable a low-cost mission. The change in inclination 
is observed in these other scenarios as well, enabling the fulfilment of one of the mission 
objectives. In the next section, possible Cubesail mission orbits will be investigated and the 
difference between these characteristic accelerations will be presented.
To get a better understanding of the effects of boom mass loading on the characteristic 
acceleration, they are plotted against each other in Figure 3.2. The plot assumes a fixed bus 
mass of 1kg and fixed ACS and deployment mechanism of 250g( (refer to Chapter 6). Two 
different sail thicknesses of the CP-1 membrane material is plotted, for further information 
on the membrane materials and their densities refer to Chapter 2, Table 2.2.
It is interesting to note that the plot is not linear. The higher the characteristic acceleration 
the more sensitive it is to boom mass loading values. And for smaller accelerations, the 
change in boom mass loading does not have as much of an effect. Referring back to Table
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Figure 3.2: Boom mass loading vs. characteristic acceleration for different Cubesail masses
3.1 shows the maximum allowable boom loadings for four different sail accelerations. Any 
value higher than these loadings would compromise the characteristic acceleration. These 
values will be compared to actual designed booms in Chapters 6 and 7.
3.3 C ubesail Orbit A nalysis
Any Solar Sail will benefit from being placed into a GEO orbit. This orbit is suitable give 
lack of atmosphere and aerodynamic drag forces. However, this poses several problems: the 
sail membrane cannot be used for effective de-orbiting and one of the mission objectives 
will not be achieved. Additionally, the launch costs are higher and interfacing much more 
complex with GEO missions.
Thus, the Cubesail’s orbit is chosen to be at the low-Earth orbit region of around 700A:m 
to 800A;m altitude, were piggy back launch opportunities available with Earth observation 
satellites are much more frequent. Earth observation satellites are usually inserted into a 
Sun-synchronous orbit. This is highly beneficial as nodal regression caused by the oblateness 
of the Earth keeps the right ascension of ascending node of the orbit fixed with respect to 
the direction of the Sun.
On the other hand, the low Earth orbit region poses a challenge in that it hosts the boundary
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(a) in Solar Sail mode (b) in de-orbit mode
Figure 3.3: Cubesail attitude configurations
between the dominance of drag and that of the solar radiation pressure. The effects of 
atmospheric drag on a 25m^ Solar Sail are drastic, and the objective of the mission to 
demonstrate the concept of solar sailing will not be achieved. To solve this problem, the 
Cubesail’s normal vector will be parallel to the orbital normal and perpendicular to the 
velocity vector.
The drag cross section of the Cubesail is reduced, and the aerodynamic drag effects on the 
orbit are brought to a minimum. This enables the solar radiation pressure to dominate and 
the concept of solar sailing to be demonstrated (see Figure 3.3(a)). After demonstration 
of the concept, and at its end of life, the Cubesail will change orientation and face into 
the velocity vector direction (see Figure 3.3(b)). This increases its cross sectional area and 
enables the Cubesail to de-orbit using aerodynamic drag forces.
Before analysing the Cubesail’s orbit and the effects of the characteristic acceleration, an 
orbital propagator is designed to be used as a simulator.
3 .3 .1  O rb ita l P ro p a g a to r
In propagating the orbit of a Solar Sail, a numerical approach is chosen. This gives flexibility 
in changing and modifying forces that act on the Solar Sail, mainly the solar radiation 
pressure. The propagator was implemented in Matlab. Simulink was chosen as it gives the 
flexibility of changing step sizes and accuracies of the ordinary differential equation solver.
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Figure 3.4: Orbital propagator implemented in Matlab Simulink
Figure 3.4, shows the Simulink model’s block diagram. Considering some of the main forces 
that act on a body orbiting Earth:
(3.4)
where Fg is the gravity force and F s r p  stands for Solar Radiation Pressure Force. Using a 
double integral in Simulink (see Figure 3.5), velocity and position are calculated, which in 
turn are utilised to calculate the forces acting on the orbiting body in the next time step. 
The coordinate reference frames used in this propagator are described in Appendix A.I.
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Figure 3.5: Simulink Force Integration
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3.3.1.1 G ravity
The force of gravity on a two body system is given by Newton’s law of universal gravitation 
as follows:
where /i =  GMq = 398600.5514 kw?/sec? is Earth’s standard gravitational parameter and 
r  is the position of the sailcraft in the ECI frame.
3.3 .1 .2  D rag
The equation for drag is given by [93] as:
F drag =  ~ d - ^ d ^ r Ÿ ' (3 .6 )
where p is the atmospheric density, Cd is the coefficient of drag, Ad is the reference area, Vr 
is the speed of object relative to the atmosphere and v is the unit vector indicating direction 
of velocity. The aerodynamic density is given as: [93]
p «  (3.7)
where p is the atmospheric density and h is the altitude, po, ho and H  are the nominal 
atmospheric density, base altitude (in km) and atmospheric scale height [93].
3.3.1.3 Solar R adiation Pressure
The Solar Radiation Pressure Force is given by Mclnnes [3] as follows:
=  ( s n ) (1 -  p,)s + I 2p,{s ■ n) + |p d  I n (3.8)
where P  is the nominal solar radiation pressure constant at 1 AU, Ag is the sail area, s is 
the unit vector pointing towards the Sun, n  is the normal vector to the sail, pd and Ps are 
diffused and specular reflection coefficient. The optical coefficients of the sail were taken 
from test results carried out by JPL on a CP-1 film [3], they can be found in the Chapter
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2, Table 2.2. These coefficients can be used to calculate the specular and diffused reflection 
coefficients as follows:
P s = r  ' s (3.9a)
(3.9b)
we thus have ps =  0.8272 and pd =  —0.0163.
3.3 .1 .4  E arth’s Shadow
A shadow function {v) is multiplied by the Solar radiation force to take account of when the 
satellite enters the Earth’s shadow. To derive the shadow function, a body covering the Sun 
from the spacecraft’s point of view is depicted in Figure 3.6. The values of a, 6 and c can 
be calculated from the position of the distances and positions of the Sun and the spacecraft 
from the centre of the body together with the sizes of the Sun and body as follows [94] :
Rr>) - f - ( s - r )a = arcsin 7—■ . b = arcsin -7^  c — arccos -- . . . I — =7^ (3.10)| s - f |  |f| | f | | s - f (
where R q  and R ^  are radii of the Sun and Earth, s and r  are the position of the Sun 
and the position of the spacecraft in the ECI frame. Using these values x  and y can be 
calculated as follows:
z  =  +  (3.11a)
=  \ /  a? — (3.11b)
Given the above derivation of x  and the apparent area of the Sun obstructed by the body 
is given as:
A  =  arccos +  arccos a? — cy (3.12)
The shadow function outputs a value of 0 for when the Solar Sail is in umbra, 1 when in
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SUN
Figure 3.6: Shadow of a body from a spacecraft’s point of view
Sunlight and a value in between when in penumbra. Given that the spacecraft is behind 
the body (c < t t /2)), the following equation can be written:
0 if |6 — u| ^  c (umbra)
 ^  ^ 1 — \i a + h > c h  |6 — a | < c  (penumbra)
1 if a -|- 6 < c (in Sunlight)
(3.13)
3.3.1.5 O blateness o f th e  Earth
The Earth is not a perfect sphere and is slightly oblate at the equator. This causes perturb­
ations in the path of an Earth orbiting satellite. As our Solar Sail passes above different 
terrains, it experiences different gravity forces that need to be accounted for. Modelling the 
oblateness is important as this effect is responsible for causing some highly inclined orbits to 
become Sun synchronous. One can describe different accelerations experienced by the body 
due to the force of gravity by computing the gradient of Earth’s gravity potential U : [94]
r = VU  
^  ^  G M ^m
(3.14a)
(3.14b)
The expansion of the spherical harmonics can be done using a series of Legendre polynomials. 
This results in coefficients that describe the Earth’s mass distribution. They are called 
Geopotential coefficients. Due to its complexity, the changes in the distribution of mass
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along the longitude direction are ignored. From [95], we thus have:
Fx -  -rrisaü- ) (3.15a)
( l  -  I (3.15t>)
Fz = -rrisaii ) (3.15c)
where the J  terms represent the Earth’s Geopotential distribution and R q is the Earth’s 
mean radius. Only the terms containing J 2 have been shown here but J 3 and J 4 terms have 
also been implemented (see section A.2). Terms above J4 are not implemented as their 
effect on the orbit in question is negligible and can be ignored.
3.3 .1 .6  Effects o f other factors
Due to their complex nature, third body effects such as those due to the Moon and Sun 
were not implemented. The lunar and solar gravities will cause a torque in the orbital in­
clination and give a periodic oscillation. However, the aim of these simulations are to show 
that the Cubesail’s orbit will be different from that of a CubeSat and that different size 
sails will result in different orbits. This can be achieved by comparing these two with the 
above mentioned modelled factors.
Additionally the Earth’s albedo will cause an increase in the solar radiation pressure. The 
Earth’s albedo will have very little effect on the Cubesat and a measurable one on the Cube­
sail. Modelling these effects is very complex as the orientation of the sail must be taken into 
account of at every instance. Also these simulations are seeking to present the changes 
caused by having the sail and show that the Cubesail can achieve the solar sailing mission 
objective. To this extent the effects of Earth’s albedo has also not been implemented.
3 .3 .1 .7  Sim ulation V erification
The propagator uses the ode45 (Dormand-Prince) solver in MatLab Simulink with a variable 
step size between 1 - 5sec with a tolerance of le“ ®. Introducing the force components one
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Figure 3.7: Orbital propagator output. Gravity (a,b), +  Drag (c,d), 4-Oblateness (e,f)
by one, starting with gravity, presented in Figure 3.3.1.7, a circular orbit in the X-Y plane, 
and a constant attitude of 750A:m can be observed. When introducing the effects of the 
atmospheric drag, a gradual decrease in the altitude can be observed (see Figure 3.3.1.7). 
And finally, adding the effect of the Earth’s oblateness shows how J2, J3 and J4 created 
changes in the altitude of the polar orbit depicted.
3 .3 .2  C ase  S tu d ies
To better understand the effects of solar radiation pressure on the orbit of the Cubesail, 
several cases are analysed. A 3kg 3U CubeSat is presented first for comparison purposes. 
Then two Cubesails with different masses and characteristic accelerations are analysed and 
compared to the reference CubeSat.
3.3.2.1 3U  C ubeSat Case
The first case is a 3U, 3kg CubeSat with no sails attached. It lies in an 800km, Sun- 
synchronous 9h30 LTDN orbit, taken from the two line elements of PO-SAT [96]. The 
parameters of the simulations are shown in Table 3.2. The CubeSat’s drag area is calculated 
by considering an exposed 30cm x 10cm area.
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Property Value
Drag Area {Ad) 0.03
Mass (rus) 3.00 %
Semi major axis 7179.8
Eccentricity 0.000911
Inclination 98.38°
Orbit RAAN 0.62° (9h30 LTDN)
Argument of Perigee 118.14°
Tru Anomoly 241.85°
EPOCH 2000/11/02 16:43:23
Table 3.2: CubeSat simulation parameters
The results of the propagation of the orbit over a 5 year period are shown in Figure 3.8. In 
this period, the CubeSat maintains its altitude and inclination of about 800A:m and 98.3° 
respectively. The oscillations in altitude are caused by the slight eccentricity of the orbit 
and the Earth’s oblateness. The CubeSat’s orbit propagation results are used as a reference 
case to compare against the other Cubesail simulations.
820 r
^  800
2 3
time (years)
98.4
o 98.39
-  98.38
2 3
time (years)
Figure 3.8: 3U CubeSat 5 years orbit propagation 
3.3.2.2 1.94% C ubesail Case
Moving on to Cubesail, the same initial orbital parameters in Table 3.2, together with a 
characteristic acceleration of O.lmmjs^ is used. With a 25m^ area, the Cubesail will have a 
mass of 1.94%. Table 3.3 shows the simulation parameters. The drag cross-sectional area is 
calculated assuming the sail is orbiting edge on. This is when the normal of the sail is bound
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to the orbit normal. This area consists of the sail (5m x 3cm), the bus (lOcmxlOcm), and the 
spindle to where the sail was wrapped around and connects the sail to the bus (20cm x 3cm).
Property Value
Sail Size (As) 5m X 5m
Drag Area (Ad) 0.166 m?
CubeSat Mass (m&) 1.94 %
Characteristic Acceleration (ao)
Table 3.3: 1.94% Cubesail simulation parameters
Figure 3.9 shows the altitude, inclination and Sun angle for a yearlong propagation of the 
orbit. The solar radiation pressure force affects the shape of the orbit. In comparison to the 
CubeSat (see Figure 3.8), it seems that Cubesail’s orbit becomes much more eccentric after 
a year. In Figure 3.9, a change in inclination is evident as well. The inclination is initially 
98.38° and concludes at 96.31°, a total of 2.07° change.
Given the orbit is Sun-synchronous, the Earth’s oblateness harmonics cause a nodal regres­
sion, the same rate as the Earth orbiting the Sun. Changing the inclination of the orbit 
increases the nodal regression. This can be seen in the LTDN (local time of descending 
node) in Figure 3.9(b). The original orbit is a 9h30 LTDN Sun-synchronous and after one 
year reaches 5h25 LTDN. This is also evident in the Sun-angle (a), the angle between the 
sail normal (orbit normal) and the Sun. This angle starts off at 50.75° and after about year 
reaches 3.1°.
But the inclination for the last part of the year stays constant and does not diminish any 
further. Comparing this with the magnitude of the solar radiation pressure force, Figure 
3.9(c), gives an indication as to why this happens. In the first part of the propagation, the 
orbit enters the shadow of the Earth, and at parts of the orbit the sail does not generate any 
acceleration from the solar radiation pressure. This can be seen in the magnitude of Fsrp  
in Figure 3.9(c). The shadow causes an imbalance in the force acting on the sail throughout 
the orbit. This lack of balance is responsible for generating an angular momentum about 
the orbit and causing a change in inclination. As soon as the Cubesail is fully exposed to 
the Sun in all parts of its orbit, the SRP force is balanced out and no inclination change 
takes place.
It is interesting to note that, although the inclination has stopped changing towards the
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Figure 3.9: Change in orbital inclination and Sun angle of a 1.94kg Cubesail
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end of the year, the LTDN keeps changing. This is because the nodal regression caused by 
the Earth’s oblateness on the Cubesail, at this particular inclination and altitude, is not the 
same as that of the Sun.
Sun
Figure 3.10: 25 selected orbits of the 1.94kg Cubesail over a 1 year period.
Figure 3.10 shows a 3D view of the orbits. The simulation has been divided into 25 sample 
orbits over the one year period. The system is in the ECI coordinate frame, the red lines 
are pointing towards the Sun and each orbit is drawn in light blue colour. The starting 
orbit is in dark blue and the orbit at the end of the year is in green. Note how the change 
in the nodal regression rate has changed the angle between the orbital plan and the Sun. 
This difference corresponds to the final 5h25 LTDN from the initial 9h30 LTDN. The Sun 
position is exactly the same after the one year period, marked in a green and blue dashed 
line for the corresponding orbits.
3 .3 .2.3 3.0kg C ubesail Case
The Cubesail with the 0.1^'^/g2 characteristic acceleration is an ideal scenario. However, 
in reality the Cubesail is most likely to have a mass close to 3kg^ effectively reducing the 
characteristic acceleration to 0.0645^^/g2. To find out what the effects of this reduction 
on the change in inclination is, the 3kg Cubesail orbit is propagated. The propagation 
parameters for the 3kg Cubesail are shown in Table 3.4. Note that the initial orbit is the 
same as other cases noted in Table 3.2.
Observing the altitude and Sun-angle over a one year period. Figure 3.11 shows little change
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Property Value
Sail Area {As) 25
Drag Area (Ad) 0.166
CubeSat Mass (mg) 3.0 kg
Characteristic Acceleration (no) 0.0645 mmjs^
Table 3.4: 3kg Cubesail simulation parameters
compared to that of the 1.94A; .^ However, a difference is seen in the local time of descending 
node. While in the previous case a final 5h30 LTND was reached, here the 3kg sail reaches 
a final value of about 6h30 LTDN after a year. Also a difference can be seen in the change 
in inclination. Figure 3.11 shows a different final inclination value of 96.92° showing a 
1.48° change in inclination over the one year period. Given that the 3kg sail has a smaller 
characteristic acceleration: this result is very much expected.
Similar to the previous case, towards the end of the year, the orbit’s inclination does not 
change any further. Comparing this change with the magnitude of the SRP force, confirms 
the conclusion made in the previous case that the inclination change is caused by the lack 
of SRP force during the shadow parts of the orbit. As soon as the orbit is fully exposed to 
the Sun, the SRP force responsible for pushing the orbit back is balanced. It can be seen in 
Figure 3.11c that when the inclination remains constant, the magnitude of the SRP force 
has no zero components throughout the orbit.
3.3.3 Case Study Comparison
Consider the above three propagations. Figure 3.12 shows the change in inclination of these 
cases over a longer 5 year period. The difference between the three cases is much more 
evident. The 3kg CubeSat with no sail remains at a constant inclination, while the 1.94kg 
and 3kg Cubesails change inclination. The 1.94A:  ^case shows a more rapid change than the 
3kg and reaches a lower overall value.
Observing the 5 year trend, a pattern emerges. The inclination has a sinusoidal change 
about the initial 98.39°. To better understand these oscillations, the inclination change and 
magnitude of the solar radiation pressure force for the 3kg case over the 5 year period is 
plotted in Figure 3.13.
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Initially, because of the shadow of the Earth, and lack of the SRP force in the shadow 
areas, the orbit experiences a momentum and a change in inclination occurs. The change 
in inclination means a faster nodal regression and hence a change in LTDN. This change 
eventually causes all points of the orbit to be fully exposed to the Sun. The lack of shadow 
and an imbalance stops the inclination to change any further. Given the amount of inclina­
tion change and the higher nodal regression rates the LTDN keeps decreasing. Figure 3.13 
shows how before the one year mark the inclination ceases to change and an LTDN of 7hl3 
is reached.
The LTDN keeps changing until some time after the 1 year mark, reaching 4h22. At this 
time, the opposite side of the orbit enters the shadow of the Earth. An angular momentum 
is induced on the orbit in the reverse direction. This is because the opposite side of the orbit 
is in the shadow of the Earth. Hence the inclination begins to increase. The increase in 
inclination causes a decrease in nodal regression. This decrease continues until the middle 
of the second year (see Figure 3.13) when the Cubesail’s nodal regression rate is same as 
the Sun. At this point the LTDN reaches a minimum of 2hl5 and then starts to increase. 
The decrease in the nodal regression rate continues until the orbit is again fully exposed to 
the Sun. At which time the process is reversed.
3.3.3.1 Inclination versus C haracteristic A cceleration
The main objective of the Cubesail is to demonstrate the concept of Solar Sailing and this 
demonstration will be evident through the change in inclination. Thus, to gain a better
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understanding of how much the Cubesail would change the inclination of its orbit in a 
period of one year, several other spacecraft masses were propagated (see Table 3.5). A 
decrease in the change in inclination is observed as the Cubesail mass increases.
Sail area Drag area Mass Char. acc. Year max change in
(m2) (m?) (&P) Inclination Sun-angle
3U
CubeSat - OTW 3.00 0 -
1.94 0.1 2.07 50.75 - 3.10
2.00 &0969 2.01 50.75 - 2.01
Cubesail 25 0.166 2.50 0.0775 1.69 50.75 - 5.07
3.00 0.0645 1.48 50.75 - 9.214
4.00 0.0485 1.17 50.75 - 16.99
Table 3.5: Cubesail changes in inclination and Sun-angle over a year
The change in mass is an indication of the change in characteristic acceleration. A Cubesail 
with a smaller sail area and mass can have the same effects as a larger, heavier one, if they 
both have the same characteristic accelerations. This is true assuming the difference in the 
effects of drag on them is minimal. The values in Table 3.5 together with other cases were 
compared against the characteristic acceleration. Figure 3.14 shows this comparison. Note 
how the change in inclination is almost linear between 0.04mm/s^ and 0.15mm/s^. Values 
between 0.15-0.2mm/s^ of characteristic acceleration start to have less of an effect on the 
change inclination in one year.
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Figure 3.14: Inclination change over a year vs. characteristic acceleration
Comparing the inclination change with characteristic acceleration in Figure 3.14, highlights 
the fact that a faster more efficient Solar Sail will not necessarily produce larger changes
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in inclination. Too high an acceleration will create a larger inclination change and faster 
changes in nodal regression. But this means the satellite will exit the shadow quicker. If 
the acceleration is too slow, the change in inclination will be slow, and hence the change in 
nodal regression. It will take longer for the orbit to be fully exposed to the Sun, but will not 
necessarily achieve a larger inclination change before this happens. Thus, there is a balance 
between the two. This balance occurs when the characteristic acceleration is around the 
0.2mm/s2 mark.
At 0.2mm/s2 the balance between a rapid change in inclination before entering the shadow, 
and a slower change in nodal regression rate to keep the orbit in the shadow is reached. 
Beyond the Q.2mm/s^ acceleration, the SRP force is strong enough to rapidly bring the 
orbit out of the Earth’s shadow and allow less time for a change in inclination to happen.
3.3.3.2 Inclination C hange o f LEO Satellites
Many Earth observation satellites operate in a low Earth, Sun-synchronous orbit. The fact 
that they pass over the Earth at the same time in the day during each orbit enables them 
to perform their observations in a consistent manner. After the insertion of a satellite into 
its orbit, changing any of the orbital parameters is difficult and costly. This is even more 
challenging if there is a need to change a satellite’s local time of descending node (LTDN), 
to be able to observe the Earth at a different time during the day.
As seen in the orbital analysis of the Cubesail mission, a Solar Sail will be able to change 
the inclination of its orbit and hence cause a change in the LTDN. By exposing the Sail 
towards the Sun during the descending part of the orbit and pointing it away from the Sun 
when ascending, an angular momentum is imposed on the orbit. The inclination starts to 
decrease, increasing the rate of nodal regression and reducing the LTDN. When a specific 
LTDN is reached, the spacecraft can return to its original inclination and align its nodal 
regression rate with that of the Sun. By exposing the sail during the ascending part of the 
orbit, and pointing it away from the Sun during descending part of the orbit, the opposite 
can occur and the spacecraft can increase its LTDN.
An important point to consider is when parts of the orbit are in the shadow of the Earth.
62
3. Cubesail: A nano-Solar Sail Mission
This can be beneficial if no SRP force is intended for that part of the orbit. But it can also 
reduce the rate of change of the inclination, if an SRP force is desired for when the satellite 
is in shadow. Further analysis is required to fully develop the mathematical relationships 
and control laws for changing the LTDN. This is suggested as a future area of research and 
is beyond the scope of this thesis.
3.4 D e-orbiting
At the end of its lifetime and after demonstration of the concept of Solar Sailing, the Cubesail 
spacecraft will change orientation and point its Sail along the velocity vector. The increased 
cross sectional drag area will cause a rapid descent. The Cubesail will be aerodynamically 
stable. As it will be seen later the sail membrane is attached to the boom and bus such that 
it will form a slight angle, creating a cone and causing stability when faced into the velocity 
vector. One of the main mission objectives of the Cubesail is demonstrating de-orbiting 
using the sail membrane.
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Figure 3.15: Lifetime comparison of a 3U CubeSat and the Cubesail
The lifetime of a normal 3U CubeSat is shown in Figure 3.15 to be more than 300 years. In 
comparison. Figure 3.15 shows when the Cubesail is in de-orbiting mode, it will de-orbit in 
less than a year. To this effect, the Cubesail could be used as a bolt-on de-orbiting device 
attached to a LEO spacecraft [97]. The mass range of spacecraft, where this system could 
be used, is analysed below.
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3.4.1 C u b esa il as D rag sa il
The ability of the Cubesail to act as a de-orbiting device is highly beneficial. Space debris 
in low Earth orbit have been accumulating with no end in sight. Only recently an Iridium 
communication satellite collided in space with an out of service Russian satellite [98]. This 
shows the extent of the problem. As a solution, the European Space Debris Safety and 
Mitigation Standard[99] defines a protected region below the 2000A:m altitude, with a 25 
year de-orbiting recommendation. In addition, an ISO standard is currently being developed 
for space debris mitigation and the United Nation is looking into a 25-year de-orbit guideline.
It is here, that Cubesail can play a crucial part in the de-orbiting of satellites and upper 
stage of launch vehicles. Although designed for using the SRP for propulsion, the Cubesail’s 
sail can be optimised for de-orbiting. By pointing the sail normal into the velocity vector, it 
will be able to change the ballistic coefficient of the spacecraft and cause rapid de-orbiting.
To show how this is possible, consider one of the very first satellites built by the University 
of Surrey, UOSAT-2. It is currently in a Q33km near-polar orbit, it has a mass of 52kg and 
a cross-sectional area of 0.3m?. Performing a lifetime analysis shows UOSAT-2 to return 
to Earth in 61.6 years (see Eigure 3.16). However, to hasten the de-orbiting process, the 
Cubesail could be used. A deployment subsystem based on the Cubesail could be attached to 
the spacecraft, lying dormant. When the satellites reaches its end-of-life, the sail membrane 
is deployed, increasing the cross sectional area and causing rapid de-orbiting. A lifetime
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analysis of the same 52kg UOSAT-2 with a 25m^ sail shows that the satellite is de-orbited 
in 1.6 years, in comparison to 61.6 years (see Figure 3.16).
In another case, the DragSail could be used on the 130kg UKDMC 2, recently launched into 
a 680/cm Sun-synchronous orbit. The normal lifetime of this satellite with a 0.3m^ cross- 
sectional area is 236.7 years. Using the Cubesail, this value can be dramatically reduced to 
3.7 years (see Figure 3.17).
Further analyses were carried out for larger satellite masses of 500kg and 1 0 0 0 in circular 
45° inclined orbit at different altitudes. Figure 3.18 shows their lifetime when a 25m^ sail 
is attached to them. In all cases, the de-orbiting process takes less than 25 years, the time 
limit recommended by the UN.
It is worth noting that all the lifetime analysis were carried out considering the NRLMSISE- 
2000 [100] atmospheric density model and using the Satellite Tool Kit software. Solar flux 
models were also taken into account and the coefficient of drag were set to a typical value 
of 2.2. The EPOCH in all cases was on May 25 2010. Note that a few months prior to 
this date a minimum was reached in the 11-year Solar cycle [101]. In effect, the lifetime 
predictions presented here, will be reduced during a Solar maximum cycle, given the increase 
in atmospheric density.
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3.5 Chapter Conclusions
In this chapter, the Cubesail mission was presented to address the need for a Solar Sail 
technology demonstrator. The Cubesail is currently under design and construction at the 
Surrey Space Centre and is being funded by EADS Astrium. The Cubesail will make 
use of the standardised 3U CubeSat structure for low cost rapid development purposes. 
Limitations brought forth by the chosen orbit and satellite platform were discussed and 
analysed. Different Cubesail masses leading to different characteristic acceleration were 
investigated. The original O.lmm/s^ were found to require sail assembly loadings that 
are too low for a low-cost mission. Two other options were presented a 0.0645mm/s^ or 
0.0775mm/s^ and their sail assembly loadings were found to be more practical in terms of 
available low-cost technologies.
The goal of the Cubesail is to demonstrate successful deployment of a 5m x 5m Solar Sail, 
demonstrate solar sailing, 3-axis attitude control and de-orbiting using aerodynamic drag. 
The mission is to fly at a 700/i’m or 800km, Sun-synchronous orbit given the availability of 
low-cost or free piggy back launch opportunities.
In comparison to Nanosail-D and Lightsail-1, the Cubesail will be inserted into a much 
higher orbit. In addition to demonstration of deployment for the other two missions, Cube­
sail aims to demonstrate successful Solar Sailing and 3-axis attitude control. The 3-axis
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ACS as will be stated in later chapters will be based on a novel decoupled scalable system. 
Additionally, even though Cubesail’s configuration and use of the CubeSat platform is sim­
ilar to that of NanoSail-D and Lightsail-1, this research will propose the use of novel boom 
and deployment mechanism and will present new approaches in folding and analysing fold 
patterns for the Cubesail.
To analyse the Cubesail orbit, an orbital propagator was constructed using Simulink Matlab. 
The force of gravity, disturbances form drag. Earth’s oblateness. Solar Radiation Pressure 
force and the effects of shadowing of the Earth were implemented in the model. Other factors 
such as the effect of third bodies and Earth’s albedo were not considered. The Earth’s al­
bedo will cause an increase in the SRP force on the Cubesail and the third body effects will 
cause a change in inclination on all simulations. However the aim of these simulations was 
to show the feasibility of achieving the first mission objective in comparison to a CubeSat. 
This together with the complexities in implementing these models were the main reason 
they were not implemented.
For reference purposes, a 3U CubeSat was propagated over a 1 year period. As expected, 
there were no changes in inclination, or in altitude. Two cases with different masses were 
simulated. The 1.0kg case showed a 2.07° change in inclination in one year’s time. Its orbit 
shifted from a 9h30 to a 5h25 LTDN with a change in Sun angle from 50.7° to 3.1°. This is 
while the 8kg case in the same orbit had a smaller 1.48° change in inclination and reached 
a 6h30 LTDN after a year.
The observed change in inclination was caused by the Cubesail entering the shadow of the 
Earth. This shadowing caused a force imbalance, and an angular momentum on the orbit. 
The resulting angular momentum changed the inclination of the orbit causing a change in the 
nodal regression rate from Earth’s oblateness which brought the orbit out Sun-synchronous. 
This is why a change in the longitude of the descending node is observed.
Characteristic accelerations for different mass Cubesails were considered. It was observed 
that, as the characteristic acceleration decreased, the change in inclination did so linearly. 
Increasing the acceleration resulted in a peak change in inclination. This peak was observed 
at 0.2mm/s^. Beyond this, the SRP force was strong enough to rapidly bring the orbit out 
of the Earth’s shadow and allow a smaller change in inclination.
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The final phase of the Cubesail mission is to de-orbit into the Earth’s atmosphere. This 
process involves the sail changing orientation and facing into the velocity vector direction. 
Lifetime analysis carried out on a 8kg Cubesail at an 800A:m Sun-Synchronous orbit showed 
a 282 days de-orbiting time. In comparison, a 3U CubeSat took 305.7 years. This analysis 
demonstrates the ability to use the Cubesail as a Dragsail. Dragsail is a bolt-on device that 
is able to deploy a sail when end of life is reached. To further analyse this, several case 
studies were reviewed showing dramatic reduction of around 2 orders of magnitude in their 
lifetime.
3.5.1 Future Work
There are several areas where further research can be carried out, these are as follows:
• Research into using the shadow of the Earth and change in inclination to change the 
LTDN of Earth observation satellites in Sun-synchronous orbits.
• Analysis of possible improvements to the orbit model, including the atmospheric drag 
models, looking at effects of sail folding on SRP force and third body effects are crucial 
for de-orbit sail.
• The effects of drag on the attitude of the Cubesail calls for research into the possible 
change in orientation of the sail with respect to the velocity vector and the resulting 
effect on the orbit.
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Chapter 4
A ttitude Dynam ics and Control of 
Solar Sails
After presenting the CubeSail demonstration mission, the two technological obstacles facing 
Solar Sails, attitude control and sail deployment will be addressed. But before doing so, 
this chapter presents the basics in dynamics and control of Solar Sails, paving the path for 
tackling the attitude control problem.
The chapter presents the rotational equations of motion together with a spacecraft attitude 
model. The model is used to simulate two conventional attitude control actuators and 
assesses their performance for use in Solar Sails. This model is used as a basis for other 
attitude simulations throughout this thesis. To look at the attitude control problem in 
detail, a review of the conventional attitude control methods, together with current Solar 
Sail specific actuators are presented and their advantages and shortfalls are discussed.
4.1 Spacecraft A ttitud e Control Fundam entals
4.1.1 R otational K inem atics and Rigid B ody Dynam ics
One of the ways to orient a rigid body to a desired attitude is rotate it about the body axis. 
This can be described using successive rotations about each of the three different axes. The
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amount of rotation about each axis is called the Euler angle. To reach a desired destination 
at least three different Euler angle rotations are required. The first rotation can be about 
any of the axes, the second rotation is chosen from the two not used in the first rotation and 
the third rotation is about the axes not used in the second rotation. There are 12 overall
combinations of rotations; each rotation can be combined into a direction cosine matrix
(DOM). For example, the DCM for a rotation about the first, second and third axis is as 
follows:
C2 C3  C2 S 3  —  S 2
S1S2C3 — C1S3 S1S2S3 +  C1C3 S1C2
C 1 S 2 C 3  +  S 1 S 3  C 1 S 2 S 3  —  S 1 C 3  C 1 C 2
C = (4.1)
where Si =  sin(^j), c% =  cos(^ %) and the roll, pitch and yaw axis are defined as 1, 2 and 3 
respectively, with 9i representing the Euler angle about each axis.
A rigid body manoeuvre can also be performed using a single rotation of the angle (6) 
about the so-called eigenaxis (ei, 62, 63). The eigenaxis remains unchanged throughout the 
rotation. This single rotation about the eigenaxis can also be represented in terms of a 
normalised four vector called a quaternion:
Qi e i  s in (^ /2 )
92 62 s in (^ /2 )
93 63 s in (" /2 )
_ 94 _ C 0s(*/2)
(4.2)
where qi,q2 , qs represent the eigenaxis and q4 the rotation angle about the eigenaxis. Euler 
angle based DOM’s have singularity problems. Singularities happen when the Euler angle 
reaches 90°. When the inverse of the DCM is calculated, specifically the inverse of sin(90), 
singularity is reached. Any rotation can also be described using quaternions. Quaternions 
are preferred to Euler angles as they do not cause singularities. A direction cosine matrix
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in terms of quaternions is as follows:
C =
1 -  2(92 +  (&) 2(9192 -  9394) 2(9391 -  9294)
2 ( 9 2 9 1 -9 3 9 4 )  1 -  2(9i  +  93) 2 ( 9 2 9 3 -9 1 9 4 )
2(9391 -  9294) 2(9293 -  9194) 1 -  2(9? +  9 I)
(4.3)
So far, we have looked at angular position: now let’s discuss angular velocity. To describe the 
time-dependent relationship of an orientation, the so-called kinematics differential equation, 
which can be described in terms of Euler angles, eigenaxis or quaternions is considered. The 
quaternion based equation is as follows:
q =
9 1
9 2 1
9 3
“  2
_ 9 4  _
0  6J 3  — LÜ2 W i
— W 3  0  W i  ÜÜ2
LÜ2 —Wi 0 W3
—U)\ —LÜ2 —W3 0
9 1
9 2
9 3
_ 9 4  _
(4.4)
where q is the time derivative of the quaternions, and u  = (wi, W2, W3) is the angular velocity 
vector of the rigid body.
The rotational dynamics of a rigid body is described in terms of its inertia tensor (J) and 
angular velocity (w). The following equation is the Euler’s equation of motion describing 
this relationship:
Jw — w X Jw =  T (4.5)
where J  is the spacecraft inertia matrix, w =  (w^, w )^ is the angular velocity vector
along the roll, pitch and yaw directions of the body-frame and r  is the torque acting on the 
spacecraft. The w x Juj cross product can be described as:
(4.6)
0  — W3 ÜÜ2 J l l J 12 J l 3 ÜÜ1
LÜ X J u j = W3 0  —ixJi J 2I J 22 J 23 ÜJ2
—Cjü2 <jJ\ 0 J 3I J 32 J 33 UJ3
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4.1.2 A ttitude Control Fundam entals
4.1.2.1 P D  C ontro ller
A simple, yet effective, spacecraft controller is the quaternion feedback proportional-derivative 
controller [102]. The controller receives the command inputs (angular velocity and qua­
ternion profile) together with the spacecraft’s current orientation and angular velocity. It 
then, generates a torque command about each axis. The command input and spacecraft’s 
current attitude is used to create an error. The quaternion error between the commanded 
and actual quaternion vectors is calculated using the quaternion multiplication as follows:
9l e
9 2 e 1
~  2
9 3 e
9 4 e
9 4 c  9 3 c  —  9 2 c  — 9 l c
— 9 3 c  9 4 c  9 l c  — 9 2 c
9 2 c  —  9 l c  9 4 c  — 9 3 c
9 l c  9 2 c  9 3 c  9 4 c
9 1
9 2
9 3
.  ^ 4  _
(4.7)
where 9e is the error, Qc is the commanded and q is the current quaternion orientation. 
Having calculated the errors, the controller is next presented. The quaternion PD control 
law is as follows:
u =  —Kqe — Cuj (4.8)
where K and C are quaternion error and angular velocity error gains and u is the control 
torque signal. According to [103] a closed loop non-linear system of a rigid spacecraft with 
the following gain selection is globally asymptotically stable.
Characteristic Values
Controller 1 
Controller 2 
Controller 3 
Controller 4
K  = k l
K  = (V ^ )I
K  = /csgn(94)I 
jT =  [(iJ d-/3I]-i
C = diag(ci,C2,C3) 
C = diag(ci,C2,C3) 
C = diag(ci,C2,C3) 
C =  diag(ci,C2,C3)
Table 4.1: PD controller globally asymptotically stable gain values [103]
where k and ci are positive scalar constants, I is a 3 x 3 identity matrix, sgn() denotes the 
signum function, and a  and /3 are nonnegative scalars.
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4.1 .2 .2  P ID  Control Logic w ith  Saturation Lim iters
One other spacecraft attitude control logic is the proportional-integral-derivative controller. 
The PID controller presented here is proposed by Wie, et al. in “Rapid Multitarget Acquis­
ition and Pointing Control of Agile Spacecraft” [104]. The paper presents a non-linear feed­
back logic for large angle, rapid multi-target acquisition and pointing manoeuvres, subject 
to various physical constraints, including actuator saturation, slew rate limit, and control 
bandwidth limit [104]. The paper first presents a single axis attitude control law, with 
a numerical example and expands into 3-axis and finally, a realistic example with control 
moment gyros. Wie [103] builds on the following PD control logic with saturation limits on 
the error and output torque:
u = —sat[7 |iTsatj[,(e) 4- C6^ (4.9)
where K is the attitude gain, C is the attitude rate gain, U is the maximum torque produced 
by the actuators and L  is the limit imposed on the error. The sat function is defined as:
satL{e) = <
L i f  L  
e i f  \e\ =  L
—L i f  e ^  —L
> =  sgn(e)min(e|,L) (4.10)
Using the following control gains, FC =  fcJ and C =  cJ, will cause the control signal to 
avoid actuator saturation, where k =  c = 2(^ uJni is the linear control bandwidth 
and ^ is the damping ratio. Because of the presence of a limiter, the attitude rate will be 
constrained by \9\max /c -  Thus, the limiter is written as L =  {^/k)\0\max- Note the 
use of this control logic will cause the control signal to swing from positive saturation to 
negative in what is known as bang-bang control. However, according to Wie, for rapid and 
large manoeuvres, a large slew rate limit and a large error signal (e) is required. This will 
result in the control output to become sluggish with increased transient overshoot because 
of actuator saturation. To reach a rapid transient settling the following slew rate limit is 
proposed by Bailey [105]:
l l^max ' min ^\/2fl|e|.|w|j7jaa;^ (4.11)
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where \uj\max is the maximum slew rate limit. In order to eliminate a steady state pointing 
error caused by constant external disturbance, an integral part can be added to the control 
logic resulting in the following PID controller:
u =  —sat[7 jj^satf, 4- (4.12a)
L = (^/i^)min |  \Æ jë f, |w|^aa;} (4.12b)
a = ^ / j  (4.12c)
where T  is the time constant of integral control which is usually chosen as T ~  10/(C^n)- 
The same L  limiter and gains are used.
4 .1 .3  S p acecra ft A t t itu d e  M o d e l
A spacecraft dynamics and control model was built in Simulink Matlab for simulation pur­
poses. The dynamics and kinematics equations used where those mentioned in the previous 
section. Given that the CM/CP offset error is unknown, direct adaptive algorithms are of 
benefit in Solar Sail attitude control, however designing such controllers is beyond the scope
of this thesis. For simplicity and verification purposes, the PID controller by Wie [24] was
used throughout these simulations. When simulating Solar Sails with a changing inertia, 
appropriate measures were taken. Figure 4.1 shows the Simulink attitude model of a Solar 
Sail.
The model consists of a spacecraft dynamics block that contains the Euler’s equations of 
motion and the kinematic differential equation. The PID Control Logic block includes the 
PID controller discussed earlier. The output of the controller is fed into a block simulating 
the actuator dynamics. And last by not least, a solar radiation pressure block is used to 
simulate the torque caused by the CM/CP offset disturbance. Note that in all simulations 
the maximum slew rate of the spacecraft is limited so a rigid spacecraft can be assumed.
[[[[what happens to a flexible spacecraft
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Fignre 4.1: Spacecraft attitude control system Simulink Model
4.2 Solar Sail A ttitud e D ynam ics and K inem atics
Attitude control is a critical element of a successful Solar Sail spacecraft. Controlling the 
attitude enables change in the sail’s sun-angle and control of the direction of thrust. Solar 
Sails are unlike conventional spacecraft that can determine when their propulsion system 
turns on. The constant solar radiation pressure acting on the sail calls for a constantly 
controlled attitude.
4 .2 .1  Sa il A tt itu d e  D is tu rb a n c es  an d  Issu es
There are several issues and challenges related to the design of an ACS system for Solar 
Sails. Several of these issues arise from the fact that Solar Sails are large structures with 
very large moments of inertia. For example, a 160m x 160m, A50kg Solar Sail (designed 
for the Solar Polar Imager mission) has a moment of inertia of 642,876 kg • about its 
roll axis [15, 45]. Controlling such a large inertia requires actuators that can produce large 
torque and be able to counteract disturbances and reorient the sail when required.
A large characteristic acceleration enables a higher performance Solar Sail. This acceleration 
is higher with a larger surface area and smaller overall mass. It is clear that the amount of 
volume and mass available for subsystems, including the attitude control, is very limited.
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Conventional ACS systems must be designed to fit inside the bus, but be powerful enough 
to deal with the large moments of inertia. A reaction wheel with a specific mass and volume 
might be suitable but not powerful enough, while a larger size reaction wheel produces 
enough torque but has a higher mass. In addition, ACS systems used in a Solar Sail 
must be able to meet the angular momentum requirements, completing manoeuvres while 
countering disturbances.
The structural flexibility of Solar Sails is another issue which needs to be taken account of 
when designing an ACS system. One of the constraints this flexibility produces is on the 
angular momentum and slew rate of the spacecraft. In the simulations further in the thesis 
a slew rate limit of 0.1°/s is impose to assume that the system will act as a rigid body.
4.2.1.1 C M /C P  offset d isturbance
One of the major sources of disturbance in a Solar Sail is caused by the solar radiation 
pressure. As mentioned earlier, all Solar Sails have an offset between the centre of mass 
and centre of pressure, caused by errors in manufacturing and non-uniformity of the sail 
membrane. Given that the CM wants to position itself between the CP and the Sun, the 
sail will always try to reorient itself to this stable position. For example, it is like holding 
a pendulum at an angle. The pendulum swings back to the stable position. The CM/CP 
offset is a constant disturbance force acting on the sail. A Solar Sail attitude control system 
needs to constantly counteract this disturbance and hold the sail at the desired orientation.
The CM/CP offset cannot be calculated analytically, due to errors in manufacturing and 
the unpredictable nature of sail deployment. Throughout the literature the offset is taken 
as 0.25% of the total sail length [12] and this assumption is adapted in this thesis. The 
disturbance torque (r^) generated by the CM/CP offset (ê) is:
=  eXjpL (4.13)
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4.2.2 Conventional Satellite A ttitude Actuators
To assess the ability of conventional attitude control actuators in controlling a Solar Sail, 
reaction wheel and thruster based attitude control systems are reviewed and simulated.
4.2.2.1 R eaction  W heels
To find out if reaction wheels are capable of manoeuvring a Solar Sail, a series of simulations 
were carried out. The previously discussed spacecraft attitude model was used in these 
simulations, taking into account the solar radiation pressure. Table 4.2 lists the simulation 
parameters and any assumptions made.
Parameter Value
Sail size 40m X 40m
Sail area 1200 m?
Total mass 160 kg
Moments of inertia {Ix,Iy,Iz) (6000,3000,3000) kg • m^
CM/CP offset (e) iO .lm  (0.25% of Sail size)
Reaction Wheel SSTL MicroWheel-lOS-E
Peak Momentum 0.42 N m s
Peak Torque 10 m N
Mass 1.1 kg
Power at constant speed (at peak torque) 1.2W (5.0W)
Table 4.2: Reaction wheel based ACS simulation parameters
The Solar Sail is assumed to have three reaction wheels for each axis, modelled based on 
SSTL’s Micro Wheel-1OS-E [106]. Two cases were simulated, firstly with no CM/CP offset 
disturbance (see Figure 4.2 a, b, c) and the second with the CM/CP offset disturbance 
taken into account (see Figure 4.2 d, e, f).
In the case with no CM/CP offset disturbances (Figure 4.2a), the reaction wheel can suc­
cessfully perform a 10° manoeuvre in the pitch axis within 20 minutes. Notice how the wheel 
is using all of its OANms angular momentum (Figure 4.2b) to reach the desired orientation. 
After the manoeuvre is completed, the wheel spins down and stops. But, when the CM/CP 
offset torque is taken into account (Figure 4.2d), the reaction wheel tries to counteract the 
disturbance and attempts to move towards the 10° commanded orientation. But this does 
not suffice as the disturbance force is constant and the wheel torque limited. The wheel
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Figure 4.2: Control of a Solar Sail with a reaction wheel
spins up and reaches its maximum angular velocity and maximum momentum (Figure 4.2e). 
After which the SRP force takes over and pushes the sail in the opposite direction.
It is evident from this comparison that even a larger, more powerful reaction wheel will fail 
in controlling the sail’s orientation. Reaction wheels’ inadequacy is a result of their inability 
to dump the momentum gained while performing a manoeuvre. However, if other means 
of dumping the wheel’s momentum are available, they could be used as a complimentary 
actuator alongside the other systems. As an example an Earth orbiting Solar Sail could 
use magnetic torque rods to dump the angular momentum gained. One such system that 
uses reaction wheels and magnetic torque rods for an Earth orbiting Solar Sail is analysed 
by Polites, et. al. [107]. However most Solar Sail missions are interplanetary rather than 
Earth orbiting, so magnetic torque rods would be ineffective.
The short comings of reaction wheels are also mentioned in the literature. Wie [12] discusses 
the significance of coupled attitude and orbit dynamics and solar radiation pressure disturb­
ance torque on the attitude control of a Solar Sail using reaction wheels. Wie argues that
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Parameter Value
Sail size 40m X 40m
Sail area 1200 m 2
Total mass 160 kg
Moments of inertia (Tc, ly, Iz) (6000,3000,3000) kg • m ^
CM/CP offset (e) ±0.1m (0.25% of Sail size)
Thruster MicroPPT Pryor et. al. [108]
Max Thrust 10 N
Pulse width 15 fis
Pulse frequency 1.0 H z
Distance from CM 28m
Table 4.3; PPT thruster based ACS simulation parameters
an Earth pointing and Sun pointing 40m x 40m sailcraft will require different momentum 
storage capabilities and shows that such a system with a Sun angle of 35° and a disturbance 
torque of ImiVm will result in a lOOiVms momentum growth per orbit, which is a 100 times 
the requirements of a geosynchronous communications satellite. Wie also indicates that 
even a sail which never points towards the Sun will require momentum storage of 2.5Nms 
because of gravity gradient forces, concluding that conventional reaction wheels are not 
suitable for Solar Sails.
4.2 .2 .2  Pu lsed  P lasm a Thruster
There are many thruster and mass ejection systems that can be used to control a Solar 
Sail’s attitude. One such system which is most suited for Solar Sails is the Micro Pulsed 
Plasma Thrusters (PPT). This thruster has a low mass and power requirement. Pryor et. 
al. [108] has designed and developed a PPT specifically for use with a Solar Sail ACS. To 
assess thrusters in general, the Pryor PPT is simulated on the same 40m x 40m Solar Sail 
as in the previous case. Table 4.3 lists the parameters of the simulation.
The Solar Sail in question is assumed to have thrusters pointing in all axes able to thrust in 
both directions. Commanding a 10° attitude manoeuvre about pitch results in a manoeuvre 
in over 10 minutes (see Figure 4.3a). The pitch axis thrust torque profile in Figure 4.3b 
shows the thruster firing to produce a positive torque in the first few minutes. The PPT 
then fires in the opposite direction to slow down the angular velocity of the satellite and stop
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at 10°. But after the manoeuvre is complete, the thruster is still firing to counteract the 
SRP disturbance torque. It consistently is firing throughout the simulation. Additionally, 
some oscillations can be seen, resulting from thruster inaccuracy. With every pulse, a fixed 
amount of torque is induced on the spacecraft. When an overshoot occurs the system over 
compensates and oscillation occurs. With the addition of reaction wheels, this oscillation 
can be removed. However, to counteract the constant CM/CP offset disturbance, the thrust 
propellant will eventually run out. It is clear that thrusters are not a suitable primary 
actuator for controlling Solar Sails, due to their propellant limitations.
Murphy and Wie [14], suggest that PPTs be used as the secondary/backup ACS system. 
They present an attitude control system for the Solar Polar Imager using PPTs as backup. 
They use the same micro pulsed plasma thrusters developed in Pyror [108] as a secondary or 
backup for recovery from off-nominal conditions, including tumbling that cannot be handled 
by the main ACS or when the Sun angle exceeds its limit or is at a 90° angle with the sail. 
Wie [14] also proposes the use of this system for attitude recovery after release from the 
launch vehicle and more importantly during deployment.
Generally, thrusters are a good actuator to be used onboard Solar Sails. They do not 
have momentum dumping problems of reaction wheels, but their shortfall is in positioning 
and amount of propellant they can carry. For maximum effectiveness, PPTs have to be 
positioned as far out from the centre of mass as possible to generate the maximum torque. 
This means they have to be attached at the tips of the sail booms, limiting their size 
and mass. In addition, because of their limited propellant they are not suitable for long 
duration missions. As stated in the literature [14], they are best used for secondary and
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Figure 4.3: Control of a Solar Sail with pulsed plasma thrusters
80
4. Attitude Dynamics and Control of Solar Sails
backup actuators and for recovery and de-tumbling manoeuvres.
4.2 .2 .3  O ther C onventional A ctuators
There are other conventional actuators that can be considered. One of these is the Control 
Moment Gyros (CMC). They produce a large torque and could be useful for turning a large 
inertia structure like a Solar Sails. However, they have the same saturation and momentum 
dumping problem as reaction wheels. Maintaining an orientation for long periods of time 
requires a constant torque in one direction to counteract the CM/CP offset disturbance, 
which in turn causes saturation of the wheel.
The other systems that can be considered are magnetic torque rods that interact with the 
Earth’s magnetic field, and gravity gradient booms that interact with the Earth’s gravity. 
Both systems are viable for attitude actuation of a Solar Sail. But given the fact that most 
Solar Sail missions are beyond Earth’s orbit, they would not be practical.
In summary, conventional attitude control systems are inadequate for actuating and con­
trolling Solar Sails. Solar Sails require an actuation system that can reorient a large inertia 
spacecraft and maintain that orientation under constant disturbance forces. In the next 
section, some of the proposed Solar Sail actuation systems are reviewed.
4.3 Solar Sail A ttitud e Control A ctuators
Any source of disturbance can be used for control if utilised properly. Magnetic torque rods 
and gravity gradient booms, use the same principle and utilise a disturbance force to their 
advantage. The same is applicable to Solar Sails and the CM/CP offset disturbance. By 
changing the centre of mass or centre of pressure with respect to the other, one can control 
the orientation of the sail. Using the CM/CP offset does not only add control authority to 
the system but also removes the issues raised by the offset disturbance. There will be no 
need to constantly counteract the offset disturbance as it does not exist anymore. Another 
means of controlling a Solar Sail uses panel surfaces, similar to sail ships and airplanes. 
Using panels and rudders would enable the SRP force acting on them to change in direction
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and create a torque. Many different systems have been proposed by researchers for attitude 
control of a Solar Sail. Most of these systems utilise the CM/CP offset to their advantage 
and some integrate conventional actuators. Some of these attitude control methods are 
listed below.
4.3.1 Spin Stabilisation
One method of control is through spin stabilisation. Wie [12] states that, one of the ways 
to maintain a desired orientation of a Solar Sail in the presence of an offset disturbance, is 
to spin, similar to spinning a rocket about its roll axis. Spinning the Solar Sail will give it 
gyroscopic stiffness and an offset disturbance along the yaw and pitch will be cancelled out. 
Wie [12] suggests the use of thrusters for controlling the orientation and simulates such a 
system with spin rates of 0.3 and 0.4°/s. It seems that a cost effective solution to most 
attitude control issues raised by Solar Sails is to use spin stabilisation techniques.
4.3.2 Gim balled Control Boom
In [13], a control boom with tip mounted mass is used to change the centre of mass of 
a Solar Sail. By doing so, the CM/CP vector can be changed and the offset disturbance 
is utilised as desired. The boom is able to move in two axes which adds complexity to 
the technology. Additionally, the tip mounted mass can contain instruments and/or the 
spacecraft bus. In [13], Wie uses a constant inertia matrix of the spacecraft without the 
control boom to derive the dynamic equations of such a system. The three axis equation of 
motion for such a system is derived and control of a two axis is implemented, illustrating 
the effectiveness of a gimballed control boom in the presence of CM/CP offset and gravity 
gradient disturbances.
4.3.3 A rticulated/C ontrol Vanes
Wie in [13], uses small panels (control vanes) on the spar tips of the Solar Sail. Any number 
of these control vanes (two or four) can be used [4] with one or two degrees of freedom. 
Wie derives the dynamic equation of motion of a Solar Sail with control vanes without the
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gimballed control boom. The difficulty with controlling such a system is the number of 
degrees of freedom of the actuator, and the over controlling problem. Wie does not provide 
control algorithm for such a system.
A similar system is proposed by Mettler et. al [11] called Articulated Vanes. They derive 
the three axis dynamic equations for any number of vanes and devised a three-axis control 
system for a 4-vane system. The important aspect of their work is the adaptive nature of 
the controller, which globally tracks reference signals and takes vane saturation and delay 
into consideration. They also derive an algorithm to allocate the control torque between 
the vanes. They do this by precisely controlling the allocated torque about the pitch and 
yaw axes, but only controlling the roll torque direction. They conclude that the vanes must 
be able to produce torque at least twice the size of that of the CM/CP offset disturbance 
to be effective.
4.3.4 Shifting and T ilting Sail Panels
A different way of controlling the attitude of a Solar Sail is by shifting (translating) and 
tilting (rotating) the sail panels. This ACS system was proposed by Wie [13] for the New 
Millennium Program Space Technology 6 (ST6) mission. The outer edges of each sail panel 
are stretched by a bar. By tilting the bars a slight angle is given to the panels, which causes 
the centre of pressure of the Solar Sail to change with respect to its centre of mass. The 
objective of this type of system is to develop an attitude control system, similar to that of 
an airplane, using no propellant. The translation of the panels will act like elevators and 
rudders, and the tilting of the panels will act like ailerons.
A set of simplified equations of motion is derived in [13] for preliminary control design and 
simulation. Simulation of such a system was carried out for an orbit-rising Solar Sail of the 
ST6 mission. The simulations showed that the system has an error pointing accuracy of 1° 
with a maximum Sun angle of 60° and a 0.02°/s maximum turn rate.
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4.3.5 Trim Control M asses (TCM ) and Roll Stabiliser Bars (R SB)
In [15, 109] an ACCS for the 160m 450/cp Solar Sail of the Solar Polar Imager mission is 
proposed. The papers discuss both attitude and orbit control. The proposed system has a 
primary actuator consisting of masses running along mass lanyards, changing the centre of 
mass for pitch/yaw control and roll stabiliser bars for roll control. The secondary/backup 
system consists of pulsed plasma thrusters at the tip of the sail boom mentioned in the 
earlier sections. The trim control mass system works by moving bkg masses along 200m 
booms, thus changing the centre of mass and using the CM/CP offset as means of attitude 
control.
4.3.6 IKAROS Steering D evices
The IKAROS mission mentioned in Chapter 2 uses a different form of controlling the orient­
ation of a Solar Sail. Control is achieved by changing the reflectivity of the sail membrane 
and hence changing the centre of pressure with respect to the centre of mass. JAXA has 
used special steering devices on their IKAROS mission [8]. These are variable reflectance 
elements that are woven into the four sides of the sail membrane. Civen that IKAROS is 
spin stabilised, the steering devices will help control the spin direction. To control the spin 
rate reaction control system (RCS) thrusters are used. JAXA has shown successful change 
in orientation and sun-angle of the sail using these devices. The devices are turned on and 
then off in conjunction with the spin of the sailcraft so that compared to the sun, one side 
is more reflective than the other. This produces the desired change in orientation.
4.4 C hapter Conclusions
This chapter presented some of the fundamentals in spacecraft attitude control and the 
related governing equations. A spacecraft attitude model was presented, developed in Mat- 
Lab Simulink that takes account of the solar radiation pressure and is used throughout this 
thesis.
Some of the Solar Sail attitude control issues were highlighted to be sail structure flexibility,
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the need for large torque to control large inertia and CM/CP offset disturbance. Among 
these the CM/CP offset disturbance provided the biggest challenge. It was shown that 
conventional actuators are not adequate for Solar Sails. Simulations of reaction wheels and 
PPTs were carried out showing their inadequacy in controlling the attitude of a Solar Sail. 
Reaction wheels had issues with momentum dumping and PPTs were limited in-terms of 
propellant.
Geometric means of attitude control such as change in CM or CP with respect to one other 
were found to be the optimal solution. The main attitude systems for Solar Sails utilising 
the CM/CP offset were reviewed. Besides the recent attitude control demonstration by 
IKAROS, it was seen that current solutions for Solar Sail ACS lack practicality. Most 
systems are designed to take advantage of the main Sail structure. Rightly so, this would 
work when Solar Sail technology has matured. But at the current technology readiness level 
of Solar Sails, these systems will only increase the risk involved and reduce the TRL. Thus, 
there is a need for a more flexible and low-risk attitude control system.
In addition, most ACS systems proposed for Solar Sails are custom solutions for speciflc 
missions and/or sail technologies. A further need to design a generic, scalable ACS system, 
decoupled from the sail that can be used for various missions is identifled.
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Chapter 5
Scalable Bus-based ACS
One of the main challenges facing the construction of a Solar Sail was identified to be the 
attitude control system. There has been much research carried out into three axis attitude 
control of Solar Sails using a combination of different actuation mechanisms that were 
reviewed in Chapter 4. While these actuation systems performed well and suite Solar Sails, 
they mostly relied on the use of the geometric nature of the main sail. For example, the PPT 
thrusters must be positioned at the tip of the sail, while ballast masses run along the main 
sail booms [15]. This will cause further problems to an already complicated deployment 
system, including increasing the risks associated with the process. There is, therefore, a 
need to develop an attitude control system decoupled from the sail booms adding simplicity, 
flexibility and scalability to the sail design and deployment mechanism.
5.1 Concept
To solve this problem a scalable bus-based attitude control system is proposed (See Fig­
ure 5.1), where all the actuators are mounted on the bus and decoupled from the Sail. 
This enables the propulsion and attitude systems to be design and built separately, like all 
other spacecraft, without affecting and increasing the other subsystem’s risks. With current 
available technologies in small satellites and deployable booms, a decoupled ACS based on 
solar pressure is not only feasible but more impervious to failure. Due to its scalability 
and decoupled nature, this system can easily be integrated alongside any of the current sail
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deployment mechanisms reviewed in Chapter 2.
X (roll)
Reflective PanelsSail Booms
(yaw;
Ballast Mass
j(p itc h )Y
Figure 5.1: Scalable bus-based ACS concept
The proposed attitude control system consists of two separate actuators. First, is the Tether 
Control Mass (TCM) actuator that is decoupled from the main sail booms. By moving the 
masses along the bus-mounted booms the CM of the spacecraft is changed with respect to 
its CP, enabling the spacecraft to take advantage of the CM/CP offset and manoeuvre in the 
pitch and yaw axes. For the second actuator, a set of panels attached to the bus-mounted 
booms is proposed. These panels are positioned on the tip of the four bus-mounted booms 
and will perform roll control by creating a wind-mill torque.
5 .1 .1  C M /C P  offset d is tu rb a n ce
Here a mathematical derivation of the effects of the CM/CP offset disturbance on a Solar 
Sail is performed. To begin, the position vector connecting the centre of mass to the centre 
of pressure must be calculated. The position of CM is roughly estimated, but the position 
of the CP is unknown due to uncertainties in deployment. Thus, a percentage of the total 
sail area is usually used. This percentage is generally taken as 0.25% of the total sail length 
[12]. To calculate the disturbance torque, the SRP force is utilised (see Equation 2.2).
We know that the tangential component of the solar radiation pressure force is not always
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CM
s - z
Figure 5.2: Solar radiation pressure analysis
along the pitch or yaw axis. Thus, Og is defined as the angle between the tangential com­
ponent of the Sun vector on the y-z plane and the yaw (z) axis (See Figure 5.2). The cross 
product of the CM/CP (e) vector with the solar radiation pressure results in the following 
torque equation:
=  e  X  F s  =
^ y F t C 0 s [  — 9 s )  — € z F t S i ï l [  — O s )
^zFn (5.1)
where Cy, are the pitch (y) and yaw (z) components if the CM/CP vector and the Cx 
component is assumed to be zero. This is to say that, the CM and CP are assumed to lie 
on the same plane.
1
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Figure 5.3: CM/CP offset roll (right) and yaw Sz pitch (left) disturbance torque
Figure 5.3 shows the torque (r^) versus the sun-angle {a) in all three axes. It can be observed 
how the roll torque changes, not only with the change in a, but also with the change in 0 .
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The force about the roll is a direct result of the tangential component of the SRP force, and 
this component is at its largest when the sail is at 45° with respect to the Sun. This figure 
shows how when both angles are at 45° the maximum roll torque is achieved, compared to 
a minimum when the two angles are at -f45° and —45°. respectivley
5.2 R eflective Panel A ctuator
The reflective panel actuator consists of four reflective panels attached to bus-based booms, 
two along the pitch and two along the yaw axes. They are only able to rotate about the axis 
they are positioned on (see Figure 5.4). By changing the angle of the panels, the magnitude 
and direction of the solar radiation pressure force experienced on each panel is controlled.
X (roll)
Z (yaw)
Y (pitch)
Figure 5.4: Reflective panels
5 .2 .1  M a th em a tic a l M o d e llin g
To model the torque produced by each of the panels, consider a single panel positioned 
either in the pitch or yaw axis. To calculate the solar radiation pressure on each panel, the 
known Sun vector needs to be converted from the body-frame to the Panel-frame.
The sun-angle in each of the axes is as follows:
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Sun 
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Figure 5.5: Reflective panels in yaw and pitch axes 
Panel in Yaw (X ) Panel in P itch  (Y)
(5.2)
cos-y3,4 sin"y3,4 0
S i j k  — —sin 7 3^ 4  COS 7 3  4 0 ^ x y z
0 0 1
Sz COS 73,4 -H Sg, sin 73,4 
-Sa; sin 73,4 4- S;/ cos 73,4 
5,
ctp =  arccos(sÿA: • 0
= arccos(si) (5-3)
= arccos(sa; cos 73,4 4- Sy sin 73,4)
(5.4)
cos 71,2 0 - s in  71,2
^ijk — 0 1 0 ^xyz
sin 71,2 0 COS 71,2
âa; COS 71,2 -  âz sin 71,2
Sy
âa; sin 71,2 4 -Sz cos 71,2
Ctp — 3jTQCOs(^ S'ijk ' 2)
=  arccos(Ji) (5.5)
=  arccos(âa; cos 71,2 -  Sz sin71 ,2)
The Panel Frame is deflned as (i,j, k) where i is normal to the panel and j  are k are on 
the panel plane. Because the SRP force equation is defined in a 2D plain and has only a 
normal and tangential component, the Sun-panel Frame is defined as: { i , j \k ') ,  where the 
j '  axis is aligned with the tangential component (see Figure 5.6).
Figure 5.6 can be used to derive the SRP force equations from the Sun-panel frame to the 
Panel-frame and then to the Body-frame. Knowing that the SRP force is:
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F ij'k '  =  F n i  +  F tk '  =
F n
0
F t
(5 .6 )
Panel reference frame in 
yaw axis
Panel reference frame in 
pitch axis
,/
Figure 5.6: Reflective panel reference frames in yaw and pitch axes
The angle (^), the Sun vector makes in the j-k  frame is defined as:
Panel in Yaw (X ) Panel in P itch  (Y)
S ;  - g a ; S m 'y 3 ,4 - | - g 2 /C 0 S 'y 3 ,4
t a n t / 3 ^ 4  =  —  =  ----------------------------: -----------------------------
at
tan ^12 = — =
Sk
(5 .7 )
-Sz sin-yi,2 +  cos'yi,2
(5 .8 )
Thus, the SRP force equation for each set of panels is:
Panel in Yaw (X) Panel in P itch  (Y)
1 0 0 1 0 0
F ijk  = 0 ^-^3,4 ^-^3,4 F ij'k ' F ijk  — 0 C-01^2 ^ - 61,2
0
(5 .9 )
0^-03,4 -S -0 1 ,2 C-01 2
=  [Fn, FtC-03^^] Fn, F tS - 0 1 2^ , F t^ —6 l 2
Fij'k'
(5 .1 0 )
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P anel in Yaw (X )
^ —73 ,4  ® - 7 3 ,4  0
F x y z  — ~ ® - 7 3 , 4  ^ - 7 3 ,4  0
0  0  1
- ^ ^ —7 3 ,4  "b F jS —-y^ ^^ )
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F k
F n ^ —’yz^i "b -PfS—gg 46
r —P n S - 7 3 _ 4  +  F t S - 0^^
F t^ —0Z,4
K:i jk
-73,4
P anel in P itch  (Y)
Fxyz —
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^-71,2 0 S _ 7 i  2
0 1 0
71,2 0 ^-71,2
F iC —y ^2 ^ ^ —71,2
F j
ijk
FiS—j-^  2 "b PfcC—^yj 2
Fn^—Jl^ 2 FtC—0j^2^ —'yi2 
FtS-01^2
Fn^—'yi^ 2 " b 2 ^ —71, 2
(5.12)
where S0 = sin(^) and cg =  cos(^). The torque equation is known as:
0  — I z  l y F x l y F z  —  I z F y
T —  I y. F x y z  — I z  0  — I x F y = I z F x  —  I x F z
— ly  Ij; 0 F z I x F y l y F x
(5.13)
where I is the distance between the panel CP and sailcraft CM. Assume that each panel is 
positioned on the pitch or yaw axis. That is, the CP of the panels have only one component 
along the axis the panel is positioned on:
P anel in Yaw (X)
T3 =  -T 4 = h
F n  s i n ( - 73,4) -  Ft s i n ( - 6>3,4) cos(-73,4) 
- F n  COS(-73 ,4 ) +  Ft s i n ( - 6>3,4) s i n ( - 73,4) 
0
(5.14)
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Panel in P itch  (Y)
Fn sin(-7i,2) -  Ft cos(-^i,2) cos(-7i,2) 
0 
- F n  c o s ( - 7 i , 2 )  +  F t  c o s ( - ^ i , 2 )  s i n ( - 7 i , 2 )
(5.15)
To get an idea of the torques produced by the panels at different angles, consider a reflective 
panel actuator with 16m^ panels at 10 meters away from the bus. The panels’ optical 
properties are those experimentally achieved by JPL (see Chapter 2, Table 2.2) [3]. Figure 
5.7 shows the torque profile of the first and third panels, lying in the pitch and yaw axes 
respectively.
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Figure 5.7: Torque profiles for the 1st (right) and 3rd (left) panels vs. their respected panel 
angles
The torques produced by both panels along a single axis is plotted in Figure 5.8. The figure 
shows the torque profiles generated by the pair panels in the pitch axis along the yaw and 
roll axes. Note that these panels are unable to produce any torque about the axis they are 
positioned in, which is the pitch axis.
5 .2 .2  C on tro l
In controlling the reflective panel actuators two control logics arc used. First an outer 
loop which uses either PD or PID logics to get the torque commands, this controller is 
further discussed in section 5.4. The torque command is then converted to a panel angle
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panel 2 y (deg) panel 1 y (deg) P^nel 2 y (deg)
Figure 5.8: Torque profiles for the pair panels in pitch axis
panel 1 y (deg)
command (qc) for each panel. This conversion is done using an inner logic. Using inverse 
kinematic methods similar to that of robotic manipulators in [110], the error (e) between 
the commanded torque {uc) and generated torque (r) can be written as:
T — Ur (5.16)
Differentiating the error vector we have:
e — T — Ur (5.17)
For the time scale of interest, the commanded torque derivative is assumed to be zero, thus:
e = T (5.18)
On the other hand, there are three torque command values for each axis, but four panels 
(pair of two along pitch and two along yaw). This creates a 3-equation, 4-unknown problem. 
To solve this, inverse kinematics and pseudo-inverse equations used for control moment 
gyros [104, 103] are implemented. CMC control laws use the relationship between angular 
momentum vector and the CMC gimbal angles. As the reflective panel actuator does not 
deal with actuator angular momentum, incoming SRP force is directly converted to torque.
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The following relationship is then used:
f  =  (5.19)
where 7 is the panel angles with respect to the bus and A is the Jacobian matrix defined 
as:
A = 5Ur  Sûr. S û r  SÛçSjl Sj2 Sj3 Sj4 (5.20)
where 71 to 74 are command angles for the orientation of each panel. Combining the above 
equations, and using feedback control [111],the following equation is reached:
g = - K e  = - K { r - Ü c )  (5.21)
A^c =  - ;^ ( f - iZ c )  (5.22)
% =  -A :A # (f-iZ c) (5.23)
where K  is the control gain and A ^ is the pseudo-inverse steering logic defined as [104, 112]:
A *  = A ^(A A ^)-^ (5.24)
A *  = A ^(A A ^ +  AI)-i (5.25)
Using the pseudo-inverse in Equation 5.24 of the A matrix resulted in singularities in the 
solution. Thus, the pseudo-inverse in Equation 5.25 was used. The AI notation introduces 
a small error to avoid singularities.
5 .2 .3  R e fle c tiv e  P a n e l S iz in g
To find out what size panels are required to control a specific size sail, four reflective panel 
actuator of the same area, positioned at the same distance away from the CM of a sailcraft 
is assumed. To simplify the sizing process, a design coefficient called ga is defined as follows:
gd = l- Ap (5.26)
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where I is the distance from the CP of the panel to CM of the sailcraft and Ap is the area 
of the panel. These are the two key parameters of the design that define the amount of 
torque the actuator produces. They represent how large and how far the panel must be. 
The specific values of I and Ap are left up to the designer.
To size the panel for disturbances about the roll torque, the maximum possible roll disturb­
ance torque acting on the sailcraft is considered. The largest disturbance is caused by the 
CM/CP offset assuming the sun-angle is at 45° (see Figure 5.3).
1000500 
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50 100
Sail Size (m)
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fif Panel Coef
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Figure 5.9: Reflective panel sizing for different size sails
Figure 5.9 shows a plot of roll disturbance torque versus sail size (b) and panel torque 
versus the gd coefficient (a). As an example, a 100-m sailcraft with a typical 0.25% CM/CP 
offset will produce a roll torque disturbance of about l.OAbmNm. This corresponds to a Qd 
coefficient of at least 108. This can represent a combination of a 1 0 . panels at 10m out 
or 2.7m? panels at 40m out. Note these values would just counteract the disturbances and 
need to be increased for control.
The above sizing only considers the roll torque disturbance. To include the disturbances 
along the pitch and yaw axes, the sun-angle is assumed at a 0°. This is where the maximum 
disturbance is produced about the pitch and yaw axes. Maximum disturbance is assumed 
to be similar about yaw and pitch. Figure 5.9 shows a plot of panel pitch torque versus
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panel coefficient (c) and disturbance pitch torque versus sail size (d). As observed in the 
example illustrated in this figure, the same 100m Solar Sail would require a gd coefficient of 
at least 1875 to counteract the disturbance and manoeuvre the sailcraft in the pitch axis. 
The same value would apply to the yaw axis.
It can be concluded that the reflective panel actuator is more efficient in counteracting 
roll disturbance torques. The size requirements to efllciently manoeuvre in pitch/yaw are 
unreasonable and would require very long bus-based booms, or very large panels. This is 
the main reason this actuator is chosen to only produce torque about the roll axis.
Another important point to mention is, when the pair-panels on the same axis are not at 
equal-but-opposite angles, combined, they will produce a small translational movement. As 
an example, a 40m sail has an area of 1600m^, whereas, all four panels together have a 
combined area of 10.8m^. The translational force the panels might produce is a 100 times 
smaller than that of the sail.
5 .2 .4  R e fle c t iv e  P a n e l C o n str u c tio n
To construct this actuator many different configurations can be used. The panel membranes 
can be wrapped around a hub and extended outwards. A light boom, much like the ones 
that will be used for the Cubesail, can be used to support the membrane from its underside. 
This configuration will require the panels to be constructed in long strips the width of the 
spacecraft bus, so that the hub will fit inside the spacecraft.
Additionally the solar panels can be used instead of reflective panels. However, these are 
likely to be much larger due to their non-ideal reflective properties and hence will give a 
reduction in the SRP force generated.
5.3 Tether Control M ass A ctuator
The other actuator incorporated in the Scalable Bus-based attitude control system is the 
Tether Control Mass (TCM) actuator. This actuator will perform pitch/yaw manoeuvres 
by moving masses along the booms, and changing the CM of the Solar Sail with respect to
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its CP. Doing so will control the CM/CP offset and utilise this disturbance as a controlling 
force.
5 .3 .1  M a th e m a tic a l D e r iv a tio n
To find out how moving the masses affects the CM/CP (ë) offset disturbance and generates 
the desired torque, the changed CM/CP vector (after movement of the mass) is defined as 
(e'). This vector can also be re-written as follows:
e '= e + {Cm — ClyJ (5.27)
where Cm is the original centre of mass and is the new centre of mass. Thus, the torque 
produced by this offset will be:
e' X Fs = 6 X Fs -{■ {Cm — C'm) X Fg (5.28)
where the first term denotes the original CM/CP offset, and the second term represents the 
change in the centre of mass induced by the change in the position of the mass. In effect, 
the torque produced by changing the mass position is calculated to be:
rrC M  == (^  X .%) -  (6 X F , )  =  (C m  -  C;^) x  F ,  (5.29)
To determine the change in centre of mass {Cm — C^), the following equation [113] is used 
for calculating the centre of mass of a multiple-object system:
1
Cm = —  ^  mix[ (5.30)
i=i
where rrii is the mass of objects in the system, x'^ is centre of mass position of each object 
from a reference frame, n is the number of objects in the system, and m* is the overall mass 
of the system, in this case a Solar Sail, defined as:
mt = r u s m \ -{■ m 2 + m ,^ + 7714 (5.31)
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where mg is the mass of the Solar Sail, without the actuator masses, and mi through m4 are 
TOM masses positioned on the booms. Finally, the torque produced by the TOM actuator 
is as follows:
mt
0 Fx mr^ d^ +m4d4. j? j m^  d^ +Tn9.d7 j?
m idi 4- m 2^ 2 X Fy = mad^ +m4d4, p  mt ^
mads 4- m4d4 F, m^d^+m2d2 pmt ^
(5.32)
where d\ through c?4 are the mass positions along the boom and Fg = {Fx,Fy,Fz) is the 
solar radiation pressure acting on the sail.
One of the effects of moving masses is the change in the moments of inertia they cause. To 
take account of this, the following equation describes the moments of inertia of a system in 
an arbitrary 5-axis [113]:
n
Jx = ' ^ I i +  rriiiÿi +  ZiŸ (5.33)
1 = 1
where li is the moment of inertia of object i in an axis which is parallel to the 5-axis and 
runs through the object’s cm. Also ÿi and are distance from centre of mass of the object 
to system’s centre of mass in the ÿ and z axes respectively. The new moments of inertia of 
the Solar Sail is calculated as follows:
Jx — Ix 
J y  =  I y T
J z =  h  +
m(mg 4-m) , 2
mt
(d\ + dj)
mt
(5.34a)
(5.34b)
(5.34c)
where is the moment of inertia of the spacecraft, not including the four actuator masses.
5 .3 .2  T C M  S izing
For simplicity,it is assumed that all four masses and boom lengths are of the same size. To 
size this actuator, there are several values that are important to consider. First is the size 
of the masses (mi, m2, m3, 7724) and the total mass of the Solar Sail (m^). Because all the 
ballast masses are set to be equal, the two values are combined into a ratio of "^/mt, and it
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is this relationship that is of importance. The second factor is, how far the mass is capable 
of travelling. In other words, the length of the bus-mounted booms.
It is also required that the amount of torque produced by the actuator to be more than 
that of the disturbance torque. Using the sail disturbance torque equation (5.1) and TCM 
actuator torque equation (5.32) about the pitch axis, an inequality can be formed as follows:
— dFx > ^zFfi (5.35)
100-m Sail Sizing
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Figure 5.10: TCM sizing for a 100m Solar Sail
As an example, consider a 100m Solar Sail with a 0.25% CM/CP offset and a 7500m^ sail 
area. Figure 5.10 shows a maximum of 15.54mA’m CM/CP offset disturbance torque will 
be produced along the pitch/yaw direction. This maximum disturbance torque is calculated 
when the sun-angle is at 0° and the CM/CP offset is most effective.
It is assumed that the '^/mt ratio is 0.0111, which means each of the masses are ~  1% of 
the total mass of the Solar Sail. This typical value has been used throughout the literature 
[15, 31]. Based on this, such a sail requires booms longer than 22.60m in order to counter 
the pitch/yaw disturbance torques.
5 .3 .3  T C M  C o n str u c tio n
This actuator will require booms which can be shared with the reflective panel actuator
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and masses running inside the booms. One configuration for moving the masses inside these 
booms is to use a belt pulley system. The masses are attached to a belt on both sides, and 
the belt turns around two pulleys on either end of the boom, a motor is attached to the 
pulley at the spacecraft bus that is able to rotate the pulley and move the mass inside the 
boom. A demonstration of this system has been implemented, the results of which are pub­
lished by the author in “Ground Demonstration of a Solar Sail Attitude Control Actuator” 
[114].
A more elegant configuration that is suggested by this author is to use magnetic levitation. 
The booms create a magnetic field and the masses levitate inside the booms. By changing 
the magnetic field the mass is able to move inside the boom. This system will also give a 
very good control authority as the mass velocity is not bound to a mechanical system.
5.4 Control A lgorithm s
To perform attitude control of the sailcraft, the PID controller with saturation logic de­
scribed in Chapter 4 is chosen. For pitch/yaw axes the control logic is as follows:
d c  =  -satd„„^ \  iFsati Ue +  -  / Q e d t
T =  ^  ^y/2a\qe\,uJmax^ (5.36b)
where dc is the commanded position of the masses (pitch/yaw), dmax is the maximum boom 
length, Qe is the quaternion error (pitch/yaw), u) is the angular velocity of the sailcraft, L  
is the variable saturator logic, K , t and D are control gains, a is the maximum control 
acceleration and tJmax is the maximum slew rate. The TCM (pitch/yaw) actuator dynamics 
is assumed to be [15]:
T d  + d  =  d c  (5.37)
y 4- Du) > (5.36a)
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where T is the actuator time constant, and d  is the mass position along the boom. On the 
other hand, the sailcraft’s roll control logic is as follows:
Tr =  -
L  —  ^  ^ 2n|^e IJ
(5.38a)
(5.38b)
where Tc is the commanded roll torque and Tmax is the maximum torque produced by the 
reflective panels.
A second controller is required to control the position of the panels. Continuing on from 
section 5.2.2, this controller is as follows:
7 c (5.39)
where 7c is the commanded panel angle, C  is the gain, r  is torque produced by the reflective 
panel and is the pseudo-inverse of the Jacobian matrix A of the 4-reflective panel 
actuator.
Due to the lengthy nature of the Jacobian Matrix as mentioned in section 5.2.2, and the 
fact that the reflective panel actuator will only be used to control roll torques. The panel 
angles ( 7 )  will be coupled together and moved simultaneously. In effect, the system will act 
like a windmill. This will mean 7  =  7 1  =  7 2  =  7 3  =  7 4 *
Using equations 5.14 and 5.15, and assuming the panels are of ideal optical properties, and 
their 7  panel angles are coupled together; the following torque output from the panels is 
calculated:
r  =  4PA J
sin(7 ) (2â% cos% 7 +  sin^ 7 4- sin^ 7 )
(5.40)—2 cos 7  (sa: COS 7 • Sy sin 7 )
—2 cos ^ {sx cos 7 • Sz sin 7 )
where {sx,Sy,êz) are the Sun vector components. Because of the panel angle coupling, a 
much more simplified Jacobian Matrix can be used. Using the above torque equation the
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Jacobian matrix becomes:
A =  — r  =  APAsl d j
2s^ cos^ 7  4- cos 7  sin^ 7(35^ +  3Sy — 2sJ) 
—2sxSy{cos^ 7  — cos 7  sin^ 7 ) 
—2 sxSz (cos^ 7  — cos 7  sin^ 7 )
(5.41)
The movement of the reflective panel is limited by 2°/s, accounting for any delays in the 
actuator and giving control authority. Also, the maximum achievable angle is limited by 
±45°, so that they will create the maximum roll torque at the maximum angle.
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5.5 Case Study: G eoSail
Three case studies of the Scalable Bus-based ACS are presented, first a proposed 40m Solar 
Sail called the CeoSail. The CeoSail mission as described in Chapter 2 is a low cost Solar 
Sail mission to study the Earth’s magneto-tail, and to demonstrate the Solar Sail propulsion 
concept [27, 29]. The proposed mission consists of a 40m x 40m Solar Sail with a total mass 
of IbTkg, positioned at approximately 1 AU from the Sun.
The attitude control system proposed in [31] consists of tether control masses, pulse plasma 
thrusters and micro-reaction wheels. Alternatively, the Scalable Bus-based ACS is proposed, 
where four bus-mounted booms are attached to the main bus. These are used for both the 
tether-control mass and reflective panel actuators.
5 .5 .1  G eo S a il S iz in g
To determine the size requirement of the TCM booms and Reflective Panel actuators, the 
maximum SRP disturbance acting on the CeoSail is calculated to be:
T d -ro li = 0.0QQ9mNm (5.42)
'^d—p itch /yaw  — l.OOmAm (5.43)
These values are based on the size of the sail and the maximum possible CM/CP offset, for 
the roll as stated before the Sun is assumed to be at a 45° angle and for the pitch and yaw 
the Sun is at a 0° angle.
To counteract the pitch/yaw disturbance torques, an /mt ratio of 0.0111 is considered, 
which yields to a ballast mass of 1.742kg. To simplify and increase the effectiveness of the 
actuator, consider a 2kg ballast mass, increasing the ^ /m t  ratio to 0.0127. Figure 5.11 shows 
that a boom length of at least 7.85m is required to counteract the disturbance. Adding a 
margin for control, a boom length of 10m is chosen.
Figure 5.11 also shows the reflective panel sizing graphs. A g^ coefficient of at least 6.929
is required for the stated disturbance torque. However, the roll torque is based on the
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Figure 5.11: GeoSail sizing of the TCM and Reflective Panel actuators
tangential component of the sail and this value can change due to wrinkling, thus the 
disturbance torque for sizing purposes is multiplied by 2. Therefore, the gd coefficient is 
calculated to be 13.86, with the boom length dehned at 10m and reflective panels with an 
area of 1.4m^. These panels could be 0.7m x 2m in size with a centre of pressure at 10m 
from the bus.
5 .5 .2  G eo S a il A tt itu d e  S im u la tio n
The Scalable Bus-based ACS is modelled and simulated in Matlab Simulink. The model 
is based on the attitude model described in Chapter 4. Figure 4.1 shows the Simulink 
model for the Scalable Bus-based ACS. The specific simulation parameters of the GeoSail 
are shown in Table 5.1
Parameter Value
Sail size 40m X 40m
Sail area 1200m2
Total mass 157&4
Moments of inertia {Ix,Iy,Iz) (6000,3000,3000)A;p.m^
CM/CP ogset (c) 0.1m (0.25% of Sail size)
Boom length (d) 10m
Reflective panel area 2m X 0.7m =  1.4m^
Tether control masses 2/cg
Table 5.1: 40m GeoSail Scalable bus-based ACS simulation parameters
It is assumed that the 7 angles of all four reflective panels are coupled together, so they would 
only produce a roll torque. The sail is considered to have reflective properties indicated 
experimentally by JPL [3], while the panels have ideal reflective properties (see Table 2.2).
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Figure 5.12; Scalable Bus-based ACS Simulink model
5.5.2.1 R esults
A 30° step command about the pitch axis is performed using the designed ACS on this 40m 
sail (See Figure 5.13).
The roll axis of the Solar Sail appears to have been stabilised after the completion of 
the manoeuvre. The reflective panel angle (7 ) has stabilised to —6.85° to counteract the 
disturbance torque in the roll axis. Note how the roll axis SRP torque disturbance increases 
with the sail’s sun-angie. The reflective panels have also been successful in keeping the roll 
angular position steady during the manoeuvre.
Moving on to the pitch axis, the decrease in disturbance about pitch as the manoeuvre 
progresses can be observed. This is caused by the increase in the sun-angle. The mass 
position stabilises at 7.64m. This value is close to our calculations in the sizing section of 
the minimum required boom length of 7.85m. The difference observed here is due to the 
increase in sun-angle hence the decrease in the pitch disturbance. The overshoot seen along
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Figure 5.13: 40-m Solar Sail Scalable bus-based ACS simulation, 30° pitch
this axis is as a result of the TCM dynamics (Equation 5.37) having a high actuator time 
constant (T =  200s) causing a delay in the output. The yaw TCM is also successful in 
stabilising the yaw axis throughout the manoeuvre. The mass position eventually rests at 
7.4m. Overall the 30° manoeuvre is successfully completed in under 2 hours.
To show the capabilities of the Scalable Bus-based ACS a more complex manoeuvre is 
performed. A step command of 40° along the eigenvector [ 0  ^j  ^   ^I  s/ 2  \ given as
input. Figure 5.14 shows the result of this simulation. It can be seen how the three roll, 
pitch and yaw angles settle to about 7.5°, 30° and 27° respectively after 2 hours. The 
angular velocity of the system after the manoeuvre is completed settles back to zero.
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Figure 5.14: 40-m Solar Sail Scalable bus-based ACS simulation, 3-axis command
108
5. Scalable Bus-based ACS
5.6 Case Study: Interstellar H eliopause Probe
To show scalability, the second case study is the Interstellar Heliopause Probe (IHP). The 
IHP mission as described in Chapter 2 is a Solar Sail mission to reach the outer solar system 
and the heliopause within 15 years. The proposed mission consists of a 245m x 245m Solar 
Sail with a total mass of 517fc .^ [51, 49]
To counteract the pitch/yaw disturbance torque an ratio of 0.0111 is considered, which 
yields to a ballast mass of 5.7kg. To increase the effectiveness of the actuator, consider a 
7kg ballast mass, increasing the '^/mt ratio to 0.0135. Figure 5.15 shows that a boom length 
of at least 45m is required to counteract the SRP disturbance. Adding a margin for control, 
a longer boom length of 60m is chosen.
245-m  Sail RP Sizing 245 -m  Sail TCM Sizing
700100
  TCM Pitch mAnj = 0.0135
 TCM Pitch m M  = 0.0111
RP Roll
2 X Dist. in Roll 600
 Dist. in Pitch^  500
6
Ï I 400
3  300
200
100
2000 4000 6000 8000 10000
Panel Coef
100
Bus-based boom length
Figure 5.15; IHP sizing of the TCM and Reflective Panel actuators
Figure 5.15 also shows the reflective panel sizing graphs. For the SRP disturbance torque, 
a gd coefficient of at least 2120 is required, adding 100% margin, this value comes to 4240. 
With boom lengths defined at 60m, reflective panels with an area of 70m^ are considered. 
These panels could be 7m x 10m in size with a centre of pressure at 60m from the bus. Due 
to their size and deployment at that distance, a strip panel with the same centre of pressure 
can be chosen that is 2m x 35m in size.
5 .6 .1  IH P  A tt itu d e  S im u la tio n
The specific simulation parameters of the IHP are shown in Table 5.6.1. The same as­
sumptions as in the previous case, in terms of coupling of panel angles and sail and panel
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reflectivity, is carried forward. A 30° step command about the pitch axis is performed using 
the designed ACS on this 245m sail (See Figure 5.16). The simulation results in Figure 5.16 
show a successful manoeuvre being completed in 1 hour.
Parameter Value
Sail size 245m X 245m
Sail area 450I9m^
Total mass 517A;^ )
Moments of inertia {Ix, ly, Iz) (6,3,3) X 10^
CM/CP ofl^ set (c) 0.6125m (0.25% of Sail size)
Boom length (d) 60m
Reflective panel area 70m^
Tether control masses 7kg
Table 5.2: IHP Scalable bus-based ACS simulation parameters
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5.7 Case Study: Cubesail
To show the scalability of the bus-based ACS, the third case study is the 5m x 5m Cubesail 
based on a 3U 10cm x 10cm x 34cm CubeSat structure. As described in Chapter 3, the 
Cubesail’s mission, besides sail deployment, is to demonstrate solar sailing by changing the 
inclination of its orbit. To enable this, the Scalable Bus-based ACS is presented for three 
axis attitude control.
5.7.1 Cubesail Sizing
Before being limited by the Cubesail’s volume constraints, let’s look at an arbitrary 5m 
Solar Sail. Using the sizing methods of the previous sections, and looking at Figure 5.3, 
minimum boom lengths of 1.125 are required for the TCM actuator. By adding a control 
margin, 1.5m length booms can be chosen. Also a gd coefficient of 0.036 is calculated (see 
Table 5.3).
TCM Sizing Reflective Panel Sizing
Pitch 
max{Td) {mNm)
m  /  /mt
Boom len. 
(min)
Roll
maxijd) {mNm)
gd Panel 
coeff. Size
Arbitrary 
5m Sail 0.001942 0.0111 1.5 (1.125) 0.0001307 0.036 0.024m^
Cubesail 0.001942 0.014 1.1 (0.893) 0.0001307 0.036 0.033m^
Table 5.3: 5m Solar Sail sizing combinations
But to size the Cubesail, a different approach is required. Instead of starting from the TCM 
sizing, the reflective panel actuator needs to be sized first. This is because the reflective 
panel can only have a maximum size of a 3U CubeSat side panel, which is 0.34m x 0.1m. 
This results in boom lengths (/) of 1.058m, considering a gd coefficient of 0.036.
For the TCM, the "^/mt ratio is chosen at a larger value to be 0.014, meaning a 42^ ballast 
mass for the 3kg Cubesail. Table 5.3 shows that for such a ratio a minimum of 0.89m booms 
are required. Given the extra control margin on the TCM and the distance required by the 
reflective panels, booms of 1.1m in length are chosen.
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Figure 5.17: Cubesail Sizing of the TCM and Reflective Panel actuators 
5 .7 .2  C u b esa il A t t itu d e  C on tro l S im u la tio n
The parameters used for the attitude simulation of the Cubesail are listed in Table 5.4. 
Note the boom length and panel sizes from the sizing section.
Parameter Value
Sail size 5m X 5m
Sail area 25m^
Total mass 3A:g
Moments of inertia {lx,Iy,Iz) (1.376,0.703,0.703)A;g.m2
CM/CP offset (e) 0.0125m, (0.25% of Sail size)
Boom length (d) 1.1m
Reflective panel area 0.1m X 0.34m =  0.034m^
Tether control masses 0.042/û^
Table 5.4: 5m Cubesail Scalable bus-based ACS simulation parameters
As indicated before, the Cubesail needs to maintain a fixed orientation with respect to its 
orbit: that is the orbit normal and Sail normal pointing in the same direction. Refering to the 
orbit simulations in Chapter 3 yields the sun-angle of the Cubesail during its lifetime. This 
sun-angle changes as the Cubesail changes the inclination and hence the Sun-synchronicity 
of its orbit. Referring to Figure 3.11, it shows an initial 51.75° sun-angle. Hence, the 
simulation input command is a step command to 51.7° from an initial 0° sun-angle and 
then the sun-angle values from the orbit calculations in the same figure are followed.
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5.7.2.1 R esu lts
Figure 5.18 shows the simulation results of the Scalable Bus-based ACS on the Cubesail. An 
initial manoeuvre about the pitch to 51.7° is performed. During, and after the manoeuvre, 
the actuators counteract the CM/CP offset disturbance. Any torques generated by the 
other actuators will be enough to keep the Solar Sail stable.
40O)
20
cn
-2 d
0.5 1 1.5 20
Time (hours)
£z
£
>  0 -
o_
QC
CO _ 2
-4
Time (hours)
Time (hours)
I
Co
£
CD
I
-5 d
0.5
Time (hours)
0.06
0.04
s
.g 0.02
3
- 0 .0:
Time (hours)
X 1 0 "
£z
£
X
O
CO
^ -2o
<
-4
Time (hours)
Figure 5.18: Scalable Bus-based ACS simulation on the Cubesail
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5 .7 .3  P r a c tic a l Im p le m en ta tio n
To practically implement such a system onto the Cubesail is challenging. One proposal is 
to use the side panels of the Cubesail (0.34m x 0.1m) as both solar panels and the reflective 
panels. The reflectivity of the solar panels will be different which needs to be taken into 
account for the sizing calculations. In addition, the 0.4U designed for the ACS in the 
previous sections will need to house four 1.1m bus mounted booms.
The above proposed configuration can practically be used to control the Cubesail, but falls 
short in terms of available stowage volume. The available volume is constrained by the use 
of the CubeSat standard to 10cm x 10cm. x 34cm,. This is so that the PPOD déployer can 
be used to interface with the launch vehicle and reduce the costs involved. The booms, the 
TCM system with the masses and motors to control each mass, plus the reflective panel 
control motors need to fit inside a 0.1m x 0.1m x 0.04m volume.
Due to this constraint, several evolved versions of the Bus-based ACS system have been 
proposed for the Cubesail. One proposal is to use magnetic torque rods to control the roll. 
This is possible as the Cubesail is orbiting around the Earth. For pitch and yaw control, 
the solar panels will be used as ballast masses. Four booms attached to these panels are 
able to move them in and out changing the CM with respect to the CP. Figure 5.19 shows 
a CAD drawing of this system.
S
Figure 5.19: CAD drawing of the Cubesail bus-based ACS
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The other proposal works on the basis of replacing the TCM masses of the bus-based ACS 
with the bus itself [115, 116]. The bus is much heavier, resulting in a very high ratio 
of about 0.3. This high ratio eliminates the need for TCM booms. The bus, unlike the four 
mass system can be moved in all four directions. As for roll control, magnetic torque rods 
will be used with the Earth’s magnetic held. Figure 5.20 shows a CAD drawing of the bus 
translation system.
Figure 5.20; CAD drawing of the Cubesail translation mechanism, [17]
The last option has been chosen for control of the Cubesail. The bus is translated using a 
two axis linear translation mechanism. One crucial design point that has to be taken into 
consideration is the position of the CM and CP different planes. This means that there will 
be a maximum attitude angle that the sail can achieve about the pitch and yaw axes. The 
maximum attitude angle will be related geometrically to the distance between the CM and 
CP planes, and the maximum length the bus-tilting mechanism could shift the CM of the 
sail.
5.8 Chapter Conclusions
This chapter has presented a new approach to the 3-axis attitude control for Solar Sails. The 
Scalable Bus-based attitude control system employed two different actuation systems. First 
the Reflective Panel actuator which uses reflective panels in a windmill fashion to create a 
roll torque. It was shown that due to very large requirements of boom length and/or panel
115
5. Scalable Bus-based ACS
area, this actuator is not suitable for manoeuvres in the pitch/yaw axes. The second was 
the TCM actuator which shifts masses inside the bus-mounted booms to change the CM 
of the Solar Sail with respect to its CP. This change utilises the CM/CP offset and creates 
torques about the pitch and yaw axes.
Sizing calculations for both actuators were performed. In the case of the Reflective Panel 
the Qd coefficient was introduced as an indicator of the size and position of the Reflective 
Panel. The ga coefficient is simply the multiplication of the panel area by the distance from 
the CP of the panel to the CM of the Solar Sail.
To show scalability of the proposed system, three case studies where reviewed. The first was 
the 40m GeoSail mission, studying the Earth’s Magnetotail. Sizing calculations revealed 
that 4 X 10m booms are more than sufficient to use the TCM actuators for controlling 
the GeoSail’s pitch and yaw axes. To control the roll axis and counteract any disturbances, 
1.4m^ Reflective Panels were chosen. A simulation showed how the GeoSail was manoeuvred 
to 30° in the pitch axis by the ACS and maintained that position. The second case was the 
245m Interstellar Heliopause Probe. Boom lengths of 60m and mass of 7kg together with a 
panel area of 70m^ were chosen. A successful 30° pitch manoeuvre was simulated in about 
an hour.
The third case study, presented the 5m Cubesail. Sizing calculations revealed 1.1m long 
booms and reflective panels the size of a 3U CubeSat sides (0.1m x 0.34m). The attitude 
simulation showed how the Cubesail manoeuvres to 51.7°, the initial orbital Sun angle, 
successfully. However, implementing such a system on the Cubesail was found to be im­
practical, as the Cubesail highly constrained in terms of available stowed volume. Two 
evolved versions of the Scalable Bus-based ACSs were discussed. In the one that will ul­
timately be implemented, the bus is used as the TCM ballast mass to control pitch and 
yaw axes. To save volume, magnetic torque rods are used in conjunction with the Earth’s 
magnetic field for roll control.
In conclusion, unlike conventional Solar Sail ACS, the presented approach decouples the 
attitude control system from the main sails and attaches them to the bus of the Solar Sail. 
This will bring practicality to building Solar Sails and enable the use of available small 
satellite technologies. It will also simplify the main sail structure. In effect, it will reduce
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the risk of sail deployment. In addition, the proposed system is generic and can be used 
on different sail missions, unlike other proposed systems. This tackles the original aim of 
the thesis: facilitating and enabling the design, construction and launch of a Solar Sail. 
This system has an added overheads mass from the addition of booms, larger panels and 
masses due to its decoupled nature. This overheads mass will increase as a percentage of the
total mass as the sail size increases. However, with the addition of mass, risks involved with
deployment is reduced. This is a trade-off that the designer of a Solar Sail mission needs to 
consider.
It is worth noting that although the Cubesail mission cannot fully utilise all the components 
of our original Scalable Bus-based ACS, due to the volume constraints, the mission itself 
has been conceived and designed based on this very philosophy. The Sail deployment, the 
bus and the attitude actuators are separate from each other. This allows each system to be 
developed and tested with as little risk as possible.
5 .8 .1  F u tu re  W ork
Some of the main points on the possible future work are:
• Research into the effects of shadowing of the panel on the Sail.
• Research into using the Reflective Panels for 3-axis control.
• Research into the addition of an extra degree of freedom to the panels, enabling them 
to gimbal in two axis and their respected matrices and control algorithms.
• Hardware ground demonstration of the TCM actuation system on an air-bearing table. 
This work has been designed and implemented, the results of which are presented in 
1114].
• Design, simulation, construction and testing of the Cubesail bus-tilting mechanism. 
This work has already started as part of a PhD research topic at the Surrey Space 
Centre.
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Nano-Solar Sail Deploym ent 
System
In Chapter l,an essential parts of any Solar Sail mission was identified to be the sail deploy­
ment subsystem. One of the objectives of this research was defined as the development of 
a nano-Solar Sail deployment system. This subsystem usually has a high risk of failure due 
to its numerous moving components. To date, there have been many attempts at deploying 
a sail membrane in space, most of which were unsuccessful [84].
The Cubesail demonstration mission discussed in Chapter 3 presents an opportunity to 
demonstrate deployment technologies that are robust and low risk. In this chapter a novel 
deployment solution is presented for the Cubesail demonstration mission, starting with a 
new type of COTS based, low-cost boom made from tape spring blades. In addition, a 
discussion on different folding and stowage techniques of the sail membrane is presented. 
This leads on to the definition of a novel indicator for measuring the effects of folding on the 
sail. Finally, the deployment mechanism is then presented and its components discussed.
6.1 Concept Overview
Cubesail is a 4-quadrant 25m^ square Solar Sail that utilises the 3U CubeSat standard. 
In terms of volume, this limited space provides a challenge for stowage of such a large
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Figure 6.1: Cubesail deployment concept
structure. Figure 6.1 shows how the spacecraft is divided into different sections. The 
deployment subsystem occupies 2U ( 20cm x 10cm x 10cm ) of volume, out of which 1.6U 
will be used to store the membrane and 0.4U to store the booms. Four 3.6m booms are 
used to tension the quadrants of the sail each with an area of 6.25m^. Unlike some other 
deployment systems reviewed in Chapter 2, the Cubesail’s membrane and booms unfurl at 
the same time, extending to a 5m x 5m area.
The position of the boom stowage can be interchanged with the membrane stowage, allowing 
the deployed sail membrane to get closer to the CubeSat bus. This enables a smaller gap 
between the centre of pressure and centre of mass, resulting in a higher range of controllab­
ility from the actuator. For the purpose of ground demonstration and testing proposes, and 
due to constraints on the available test area, a smaller scale (1.7m x 1.7m) of the deployment 
device was constructed.
6.2 Boom s
An essential part of the Cubesail deployment system are the booms. The booms have to 
occupy a small volume during stowage, confined to a 1 OOm/n x 10Ü7/??n base area and leave 
a reasonable amount of space for the folded sail. In addition, they have to extend to about
3.6 meters in length and be strong enough to support the membrane. From the categories
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Figure 6.2: Tape spring blade from a measuring tape
of space déployables discussed in Chapter 2, the best type of déployables will be the family 
of Tubular booms. They are not only light in mass but the ratio of extension length to 
stowage volume is favourable for our purposes. Some of the available options considered 
were CFRP booms[66] built by DLR and the Bi-Stable Reeled Composites[76] built by 
RolaTube Ltd[73j. Given the nature of Cubesail as a low-cost COTS mission, these options 
are costly. The approach of this study is to go back to basics and design and build booms 
that are simple, low cost and low risk.
6 .2 .1  C o n cep t
Tape spring materials are a good starting point for Solar Sails booms. They are light in 
mass, can be stowed in a small volume and can extend for long lengths. Tape spring blades, 
similar to the ones used in tape measures or carpenter’s tape (see Figure 6.2) have been 
used in the space industry as antennas [117]. Due to their flexible nature, a long blade 
is able to roll around a spindle and still roll back out, holding its original shape. These 
blades show very good stiffness when held curve-up. Some tape measures are claimed to 
stand horizontally up to 4 motors. This kind of bending stiffness is more than sufficient in 
a very low gravity environment to extend the sail film and make it taut whilst enduring the 
solar radiation pressure. However, when a single tape-spring blade is flipped upside down 
{curve-down), it buckles under gravity and bends under the smallest of forces. This is not 
desirable and can cause unsuccessful deployment. In order to take advantage of the side 
with good bending stiffness, two blades are attached front to front. This solves the buckling 
problem and increases the stiffness of the booms -  see Figure 6.3(a). The blades support 
each other and are able to withstand forces from both directions without buckling so easily.
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Figure 6.3: Cubesail boom cross section
The two blades need to be welded or glued together, curve-in, to keep each other from 
buckling. But when wrapped around a central shaft or spindle, their curve will flatten and 
they will try to move length wise against one another. This is because, the inner blade is 
not being wrapped around the same diameter at the same position as the outer blade is. 
The wrapping will put large forces on the weld or glue bond between the blades. For a 
short blade wrapped around a large spindle this force could be bearable, however, given the 
volume constraints and length requirements of the Cubesail, this force will either tear the 
blades or brake the bond between them. This was observed in the initial stages of boom 
design and construction.
The solution is to allow the blades to move freely against one another, but keep them held 
together to produce the required stiffness. To do this the two blades are wrapped in Kapton 
film (or Kapton Tape). As shown in Figure 6.3(b) the Kapton film or tape is wrapped 
around both blades and adhesive is only applied between the Kapton film and one of the 
blades, enabling the other blade to move freely. The Kapton film not only holds the two 
blades together, but also acts as a thermal barrier and stops atomic oxygen in LEO from 
reacting with the blades and degrading them.
There is an advantage in using the tape spring blades, when coiled, the spring tension built 
up in the blades forces them to reshape into their natural uncoiled state. This force can be 
used to deploy the sail from its stowed position.
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6 .2 .2  C o n str u c tio n  o f  a S ca led  B o o m
Due to the lack of space for deployment of a 5m x 5m sail and availability of materials, a 
smaller scale deployment system was built. To this extent, booms 1/3 of the actual size 
(1.3m in length) were constructed. Off the shelf spring tape measures were used and the 
coatings stripped off using off the shelf paint thinners. Figure 6.4 shows a blade with parts 
of its coatings removed.
362  363  36 4 365 366
92,3 934 935 93& 931 939 939
Figure 6.4: Tape measure blade before and after removal of coatings
After removing the coatings on the two blades, they are joined together using Kapton tape. 
Figure 6.5 shows a 1.3m constructed boom. A series of Kapton tape, 5cm apart, is used to 
hold the booms together. The boom showed a very good bending stiffness, even though the 
full length of the boom was not covered by Kapton.
H R K
Figure 6.5: 1.7 meter Cubesail boom: extended (top), cross section (left), stowed (right).
For the final flight model the tape-spring must be made from a non-magnétisable material, 
as this would interfere with the operation of the attitude determination and control system. 
In other deployable space structures such as antennas, tape-springs were made from heat 
treated beryllium copper (BeCu). Another viable option is to use austenitic stainless spring 
steel strips. The Nanosail-D booms were made from Elgiloy (a Nickel-Chromium-Cobalt 
alloy [7]).
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6.2.3 B oom  Characteristics
For testing purposes, three sets of booms of 1.3m in length were constructed. Each set 
contains 4 booms as part of the 4 quadrant sail. Each set uses a different tape spring size 
and mass. All tape spring blades are commercial off the shelf components.
Width
(mm)
Length
(m)
Mass
[g) blade (mm)
Thickness 
Kapton (mm) total (mm)
19 (with coating) 1.25 37 0.11 0.2 0.42
25 1.3 52.5 0.11 0.2 0.42
32 1.3 84 0.17 0.2 0.54
Table 6.1: Tape Spring boom size characteristics
Table 6.1 shows some of the characteristics of the three sets of booms. The values of 
thickness presented in this table can be further improved. Double layers of Kapton were 
wrapped around the boom, to cover the adhesive side of the Kapton tape. For the final 
flight version of the booms, Kapton film in conjunction with Kapton tape will be used and 
only 2 layers one on each side will be applied, keeping the boom thickness at stowage to a 
minimum.
To understand whether these booms are suitable to be used in the Cubesail, in the proceed­
ing subsections some of their different characteristics are examined.
6 .2 .3.1 B oom  Sizing
The CubeSat structure has a bus area of 100mm x 100mm, limiting the length of the 
booms that can be wrapped around a given size spindle. Boom stowage thickness plays an 
important factor in the maximum possible boom length. To analyse this. Figure 6.6 shows 
the total diameter versus the spindle diameter for different size booms. The graphs are 
saw-tooth shaped as at certain values the total diameter suddenly drops. This is because 
at these points the total number of turns needed to wrap the booms around the specific 
diameter spindle reduces by one. Hence the total thickness or total diameter drops. These 
reductions are all by the same amount and equal to:2 x 4x boom diameter.The number two 
takes account of both sides of the spindle and four is the number of booms wrapped around 
the spindle. For example Figure 6.6 has a drop of: 4 x 2 x 0.5mm =  4mm.
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Figure 6.6: Sizing of the 3.7m booms
In this analysis, 3.7m long booms for the 5m, x 5m sail are considered. A longer boom 
means that part of the boom will still be wrapped inside the spindle after full deployment, 
giving a measure of safety and enabling the membrane to expand and contract due to solar 
radiation pressure. Figure 6.6 shows that the most suitable boom considering only 2 layers 
of Kapton will be the 19mm and 25mm booms. Figure 6.6(a) shows a 0.32mm thick boom 
with an 11mm spindle diameter that will result in a total stowed diameter of about 80mm. 
The 0.4mm thickness with a spindle diameter of 20mm will result in a total diameter of 
about 90mm (see Figure 6.6(b)), well within the 100m,m, limit.
Figure 6.6(d) shows the absolute maximum thickness that will result in a total diameter of 
95mm leaving only 0.25m?n clearance on each side. Any boom above 0.57um in thickness 
would have to be shorter in length to be fitted inside the 100m,m x 100mm area, resulting in 
a smaller Solar Sail. However, this in not considering the amount of space required for the 
deployable solar panels and mechanism structure. In comparison, when stowed the booms 
with thickness 0.32mm and 0.4mm leave 10mm and 5mm of clearance respectively on each 
side, for the structure walls and/or deployable solar panels.
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To fit longer booms inside the CubeSat base area (100mm x 100mm), the booms can 
be divided into two sets, each set wrapped around a separate spindle. The two spindles 
would have to be mounted on top of each other: this would enable much longer booms and 
the possibility of a larger Sail. However, it would also incur twice the foreseen height or 
volume requirements for the booms, which ultimately reduces the volume available for other 
subsystems (mainly the sail membrane stowage). A reduction in sail membrane stowage 
volume will most likely reduce the sail area. Consequently, a smaller size sail would not 
require long booms making the extra volume provided for the boom stowage useless.
6 .2.3.2 Boom  m ass-loading
The boom mass-loading is a crucial characteristic in the design of a Solar Sail. The smaller 
the mass-loading the larger a Solar Sail can become with a small mass penalty. As discussed 
in Chapter 2 the Solar Sail characteristic acceleration (uq) is a direct function of the sail 
mass-loading (a). Table 6.7 shows the mass-loading of each set of booms and possible masses 
for four 3.6m booms. Note that the 19mm boom was not stripped of its original coating and 
the mass and thickness numbers are likely to be smaller after removal of coating. Figure
6.7 shows the boom mass-loading versus the boom width for the three different boom sizes.
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width mass-loading 4 X 3.6m Boom
(mm) (g/m) total mass (g)
19 (with coating) 29.60 426.24
25 4&38 581.53
32 64.61 930.46
■g 50
20 25 30
Boom  c ross  section  (mm ^)
Figure 6.7: Spring-steel boom mass-loading
These results can be compared to the cliaracteristic acceleration and boom-mass loading 
calculation in Chapter 3, Table 3.1. The mass-loading of the booms constructed from COTS 
components are all able to accommodate the 0.1, 0.0775 and 0.0645 mm/s^  characteristic 
accelerations. These values give a very good mass margin, considering the 3U CubSat mass 
limit of ?>kg. They would allow for a lighter, more efficient sail than originally thought.
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Booms
Force Gauge
Figure 6.8; Boom extension force measurement setup 
6 .2.3.3 Boom  E xtension Force
As part of designing the deployment mechanism, the force which the boom will exert when 
in stowage and throughout extension needs to be measured. This force will be responsible 
for pulling the sail film from its folded configuration into a deployed layout. Additionally, 
the rate at which these forces change, as the booms extend will determine its ability in 
making the sail membrane taut.
A special setup was used to measure this force while the booms were inside the spindle 
housing. Figure 6.8 shows a drawing of the setup, where a force gauge is connected to the 
spindle. The force measured is the force required to hold the spindle in place and stop the 
booms from expanding. The measurements were performed on the small scale 19mm booms, 
1.3m in length. They were taken at each turn of the spindle 33mm from the centre until 
full extension. Figure 6.9 shows how much force is exerted by all four booms and how they 
change throughout their extension. The use of an analog force gauge increased the errors in 
measurement. The errors in the measuring instrument are not known and likely change at 
different forces. Hence a best fit polynomial is drawn around the measured points.
The outcome of this test can be highlighted by the change in force rather than the magnitude 
of force exerted by the booms. Although the force reduces, it only does so slightly and a 
considerable portion of the original force is maintained right up to the end of extension. It 
is very likely that for a longer 3.6m boom, this force will increase as a function of stowed 
length. It would be beneficial to have longer booms than required so the extra length around 
the spindle exerts the necessary force to keep the deployed sail taut. Later it will be shown 
how this force can be beneficial and problematic at the same time.
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Boom ext. 
(mm)
No. of turns 
to End
Force
(N)
30 7.5 5.0
210 6.5 5.0
385 5.5 4.7
550 4.5 5.1
720 3.5 4.6
860 2.5 4.4
1100 1.5 4.3
1300 0.5 3.9
5.2
z 4.6
4.4
4.2
400 600 800 1000 1200 1400
Boom extension from mechanism (mm)
200
Figure 6.9: Experimental results of force of extension of a 19mm, 1.3m boom 
6.2 .4  B o o m  S u m m a ry
Comparing the three different sized booms, 19mm, 25m,m and 32m,m,it was realised that 
the stiffness and strength of the booms are a function of the blade width and thickness. 
Furthermore, the force at which the booms extend, relates to these two variables. The more 
boom length wrapped around the spindle, the higher the force of extension.
The 32mm booms have a high mass-loading of around 64.6p/m, due of their thickness 
and width (see Figure 6.8). Based on the mass-loading calculations in Chapter 3, this 
boom would barely make the required 0.0775mm/s^ acceleration for the Cubesail, allowing 
no mass margins. Given the desirability of a low mass-loading value, this boom size was 
discarded. Between the 19m,m and 25mm, it is evident that the 25mm, will have a higher 
stiffness, even though it has a mass-loading slightly higher than that of the 19mm boom. 
Using these characteristics, it can be concluded that the 25mm boom characteristics are a 
desirable choice for the Cubesail.
There are other characteristics of these booms that need to be studied before a final flight 
model is developed which are beyond the scope of this thesis. Thus, as part of the Cubesail 
project at the Surrey Space Centre, a PhD position is defined which is solely concerned 
with the analysis of the Cubesail structure and its booms, including analysis on vibrations, 
boom stiffness and sail tension requirements.
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6.3 M em brane Folding
An important part of any sail deployment is the correct folding of the membrane. It will 
affect how the sail deploys and will impact the sail’s efficiency. Important factors to consider 
are not only the occupied folded volume but also the folded dimensions. As stated before 
Cubesail will have a volume of 100mm x 100mm x 150/160mm for stowage of the mem­
brane. Another important factor is how easily the membrane unfolds during deployment 
and whether there is potential for tearing. Finally the creases on the membrane must be 
kept to a minimum to have the least amount of impact on sail performance and efficiency.
Cubesail is designed as a four quadrant sail with four booms supporting four triangle shaped 
membranes. Four folding patterns to fold the sail membrane are presented. Three of these 
patterns are four quadrant triangular and one is a single sheet membrane. The patterns are 
designed to wrap the membrane around a single central spindle. Note that the folding pat­
terns presented here are easily scalable for larger Solar Sails. To test the different patterns, 
thermal blankets (space blankets) made from PET(polyethylene terephthalate), 12/im thick 
were used. In terms of strength, thickness and creases made from folding, these were the 
closest alternative to Kapton or CP-1. They came in 0.9m x 2m sheets and were attached 
together to form triangular quadrants of 1.2m x 1.2m.
6.3.1 P a t t e r n  1
The first folding pattern uses a single fold in the middle as a guide for other subsequent 
folds. Figure 6.10 shows how the folding takes place. The number of folds along the centre 
line must be an odd real number (n), resulting in the end points of the centre line to be 
folded both up or down. This facilitates connecting the right-angle corners of the sail to the 
spindle. When all four quadrants are folded, they are wrapped around the spindle.
To identify how many folds are required to wrap the sail around the spindle, the available 
stowage height must be known. For Cubesail, this is between 150-160mm of the 3U CubeSat 
structure. The value for hg in Figure 6.10 is the maximum stowed height and will determine 
the number of folds. The following equation is derived, through geometric analysis of the 
pattern lines, for the number of folds (see Appendix B.3).
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Hill fold 
Valley fold
(a) (b)
Figure 6.10: Folding pattern 1
45n =
arctan
(6 . 1)
h s \ / 2 + 1
Figure 6.11(a) shows 4-quadrants of pattern 1 for the small-scale Cubesail deployment. The 
advantages with this folding pattern is that it is compact and easily stowed. It will generate 
a small hs but a larger stowed thickness around the spindle per quadrant. It is also difficult 
to create the fold due to the existence of a central fold line and the convergence of other 
fold lines to the triangular edges.
Another disadvantage is that the tension lines that will keep the sail taut are along the fold 
lines. Hence, a larger force is required to keep the sail tensioned. Figure 6.11(b) shows how, 
when 4 quadrants of the sail with this folding pattern were deployed, there was not enough 
tension to keep the sail flat and taut.
(a) (b)
Figure 6.11: Folding pattern 1
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Hill fold 
Valley fold
(b)
Figure 6.12: Folding pattern 2
6 .3 .2  P a tte r n  2
The orientation of the tension lines with the fold lines caused a major tightness issue with 
the previous folding pattern. Pattern 2 solves this issue by having the crease lines begin at 
the right-angle corner of the triangle and spread out evenly to the membrane’s diagonal line 
(see Figure 6.12). In the previous pattern, a thicker section of the membrane would have 
been wrapped around the spindle, while with pattern 2, first a smaller length is wrapped 
extending to the thicker sections. The number of folds (n) required is derived through the 
maximum spindle height(hg) in Equation 6.2. Given that it is desirable that the two corners 
of the quadrant to face the same direction (up/down), an odd value for the number of folds 
is advantageous.
90
n = ------- ^ ----  (6.2)
arctan
+ 1
There are two advantages of this pattern. Firstly, the crease lines are not parallel to 
the tension lines and a smaller force is required to tighten the sail compared to pattern 
1. Secondly, folding and stowage is much easier than the previous pattern. However, a 
disadvantage is the convergence of the crease lines to a single point at the right-angle corner 
of the quadrant. These crease lines weaken the membrane, especially if it is a point of 
attachment to the bus: tearing might occur and extra reinforcements are necessary. These 
extra reinforcements will thicken the membrane, add mass and stowage volume and can 
make the folding even more difficult.
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Hill fold  
Valley fold
(a) (b)
Figure 6.13: Folding pattern 3
6 .3 .3  P a tte r n  3
Pattern 3 is an evolved version of the two previous patterns. This pattern tries to solve the 
convergence of the crease line problem by making the crease lines parallel to each other. 
Figure 6.13 shows the folding pattern in question. The following equation is derived to 
calculate the number of crease lines:
n  — Igjhf. (6.3)
The advantages of this folding pattern are that there is no fold line convergence to weaken 
the sail membrane and the fold lines are not parallel with the tension lines. Folding is also 
fairly straight forward and any size sail membrane can easily be folded. A concern with this
^0 (W
Figure 6.14: Folding pattern 3
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pattern arrises when the folded quadrants are wrapped around the spindle: Figure 6.14(a) 
shows that the membrane is quite loose around the spindle. This is not a problem as the 
membrane is inside the bus and covered by the bus side panels. Figure 6.14(b) shows a 
deployed version of this pattern. It shows how the fold lines cross the tension lines enabling 
a taut flat surface. Note that other creases are caused by the packaging of the sail material.
6 .3 .4  P a tte r n  4 (S in g le  M em b ran e  F o ld in g)
Another way of stowing a 2bmP‘ (or larger) Solar Sail is by folding a single sheet of 5m x 
5m membrane. This pattern was first proposed for a Solar Sail in a technical report by 
Cambridge Consultants[118], though the idea can traced back to the 1960s where Huso [119] 
proposed an early version of single sheet folding technique in a patent. In this approach, 
there is no need to divide the sail into 4-quadrants. A single sheet is folded with a series of 
hill and valley folds around a central spindle as shown in Figure 6.15. The number of folds 
required for a given sail size (Zg) and a given spindle height (hg) were calculated through 
geometric analysis of the pattern lines:
90n =
arctan
(6.4)
h s \ / 2 + 1
To fold such a pattern by hand could be possible in smaller scale sheets but when the size 
increases, even a 5m x 5m sheet would cause a considerable challenge. An apparatus is
Hill fold 
Valley fold
Figure 6.15: Single membrane folding pattern
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required to assist in the folding of larger scaled membranes.
6 .3.4.1 Folding ap p ara tu s
In 1961 Lanford in a patent proposed a folding apparatus to fold a circular shaped sheet 
similar to Figure 6.15 [86]. More recently, Satou & Furuya [87] more recently, presented a 
folding apparatus based on Lanford’s design for an octagonal shaped sheet.
During our investigation, a folding apparatus was constructed that was originally designed 
for a square sail membrane based on Lanford’s original 1961 patent. Due to lack of available 
space, a smaller folding apparatus was designed and constructed for the small-scale Cubesail 
was constructed. The folding apparatus works by creating tension along points on the edges 
of the membrane using strings and weights. The membrane is attached to a spindle at the 
centre of the apparatus (see Figure 6.16). When the spindle is turned, the weights cause 
tension on the membrane along specific lines. They force hill and valley folds along these 
lines of tension. Appendix B.2 shows drawings and dimensions of the apparatus. Figure 
6.17 shows a time lapse sequence of images of folding the single sheet membrane using the 
folding apparatus.
There are two advantages to this type of folding. First, the single sheet membrane and the 
lack of multiple quadrants enables a larger sail area and, although small, causes a larger 
propulsion force from the solar radiation pressure. Secondly, due to the tension caused by 
the weights during folding, the membrane will be wrapped tightly around the spindle. This
Figure 6.16: Folding Apparatus for a square sail of 1.7m x 1.7m
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will ensure an efficient use of available stowage volume. Given the difficulties of folding, this 
pattern stows the membrane much better in terms of volume and ease.
(a) (b)
(c) (d)
(e) (f)
Figure 6.17: Time Lapse of folding a single 1.7m x 1.7m, sheet of sail membrane
Going into theoretical and analytical detail of this folding pattern is beyond the scope of 
this thesis and the reader is referred to papers written by Guest & Pellegrino [85] and, more 
recently, Satou & Furuya [87].
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6.4 The Creasing Indicator (Cl)
6 .4 .1  D e fin it io n
Folding can alfect the sail’s efficiency and performance. When a sharp enough crease is cre­
ated, there is an increased chance that emitted photons would re-impinge upon the sail. This 
will cause “hot spots” , which have been shown to reduce the efficiency of the sail [4, 120]. 
Quantifying the relationship between efficiency and sail creasing encompasses the tightness 
of the sail and its reflectivity, besides the number of fold lines. However, some use the num­
ber of folds lines as a measurement of how good a folding technique is. This approach is 
not scientific and calls for a better understanding of the effects of each folding technique. 
Here the creasing indicator (Cl)  is presented that measure the amount of creases on the sail 
membrane. C l  is a measure of the total length of crease lines on a sail membrane divided 
by the area of the membrane.
_  Total crease length(m)
Membrane area(m^)
6 .4 .2  F o ld in g  P a t te r n ’s C l
For each of the patterns, the following equations calculate their creasing metric (Cl).  Note 
that n  is an odd real number representing the number of fold lines, Ig is the length of the 
side of the sail and, in pattern 4, r is the radius of the central spindle. The derivations for 
these equations can be found in Appendix B.3.
P attern  1
( n — 1 ) / 2
COS( "^) y C0s(-2-------Ck) COS("2— 1“ Ck)
(6.6a)
a = (6.6b)
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P attern  2
(^ 1  =  7 2
90 . 
n - f l ^
^  sin(90 — cr)Z=1 ' '
(6.7a)
(6.7b)
P attern  3
C l  = E
i = l
n -f 1
(&8^
(6.8b)
P attern  4
- J 2f'S
Xi
( n - l ) / 2
0^ + X n / 2  + 2 ^2
2=1
Z
sin(90 — a)
90 .
n +  1*
(6.9a)
(6.9b)
(6.9c)
6.4.3 Analysis
To better understand what the Creasing Indicator represents and how it changes, C l  is 
ploted against the number of folds (see Figure 6.18). Note that the sail size is fixed to 5m, 
so as the number of folds increases, the spindle length (hg) will decrease. This plot shows 
C l  is a linear function of the number of folds, an expected result given the equations for 
Cl.  An interesting feature is the slope that each pattern makes, showing the effect of the 
number of folds for a given pattern. As an example,it can be observed how for pattern 1, 
C l  increases at a much faster pace as the number of folds increase with respect to the other 
folding patterns.
To further understand C /, it is plotted against the sail side length (Zg): see Figure 6.19. 
The number of folds are fixed for each pattern and taken from Table 6.4.4. This results in
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Figure 6.18: C l  with fixed sail length of 5m
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Figure 6.19: C l  with fixed n folds as in Table6.4.4 (changing hs)
an increase in spindle length(hg) as the sail side length(/g) increases. This plot shows how 
C l  decreases as the sail becomes larger. Patterns 1, 2 and 4 are very close together, while 
pattern 3 has a clear advantage in terms of Cl.
Figure 6.20 better illustrates how C l  changes as a function of sail size(Zg). In this plot the 
spindle length (/ig) is fixed at 0.15m and the optimum number of folds is calculated for each 
sail size to fit hg. Evidently, pattern 3 is again an optimal solution and has a very low C l  
throughout the different sail lengths. What is also interesting is, how patterns 1, 2 and 4 are 
much more scattered at small sail sizes for the given hg, while pattern 3 keeps at a steady 
level. This is because the optimum number of folds for small sails, to fit around a 0.15?/? 
spindle, results in a (7/ that is close for all patterns.
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Pattern 1 
Pattern 2 
Pattern 3 
Pattern 4
4 5 6 7
Sail length (m)
10
Figure 6.20: Different folding patterns’ C l  with fixed spindle length {hs) (changing the no. 
of folds)
To encapsulate, how a required spindle length {hs) for a sail size {Is) will affect C l  a 
temperature plot for each of the patterns (see Figure 6.21) is drawn. Again, the number of 
folds has been calculated as a function of the spindle length {hs).
These plots show how pattern 3 has a maximum C l  of only 20, while patterns 2 and 4 are 
closer to 35 and pattern 1, the largest, is about 50. Using these plots, one can also find the 
spindle size and number of folds for a given sail length (U) with an optimum Cl.  Looking 
closely at the plots shows a diagonal shade that starts at the bottom-left corner and goes 
up to the top-right. Each different shaded band represents a fixed real number of folds.
The creasing indicator {Cl) can also be used as a tool for optimising the number of folds(n) 
and spindle height(fg). C l  can be used to analyse different folding patterns and compare 
them with each other. To date there has been no definitive relationship between the effi­
ciency of the sail and creasing. However, C l  has attempted to bridge this gap. High values 
of C l  indicate high number of creases, which intern increases the probability of re-impinge­
ment of photons on the sail, causing hot spots to form. These hot spots will cause the sail’s 
efficiency to decrease. However, the forming of hot spots also depends on how taut the sail 
is, what the sail size is and what material is is made of. Finding this relationship between C l  
and the forming of hot spots, will mathematically prove difficult, but experimental analysis 
could assist in determining the nature of this relationship. Table 6.4.4 shows the creasing 
indicator of the four folding patterns for the 5m x 5m Cubesail.
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(a) Pattern 1
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spindle length (m)
(b) Pattern 2
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Figure 6.21: C l  range for different folding patterns
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6.4.4 Folding Conclusions
Folding the sail membrane is important in guaranteeing reliable deployment of the Solar Sail. 
Four folding patterns were presented, of which three were implemented on a 1.7m x 1.7m 
model. Table 6.4.4 shows a trade-off of the different patterns. It also presents the number 
of optimum folds required for a 25m^ sail to fit around a 15 — 16mm long spindle. Prom 
this the thickness of each folded quadrant is derived, giving an indication of the amount of 
volume each folding technique could potentially occupy about the spindle.
1
1 Cl Advantages Disadvantages
25m2, 12 
Total folds 
(per Q)
jim sail me 
Spindle 
height
mbrane
Quadrent
thickness
1 15.71 easy stowage
difficult folding 
crease line convergence 
crease || tension line
72 (17-hl) 15.62cm 432)um
2 11.11 easy stowage crease T tension line
difficult folding 
crease line convergence 100 (25) 15.12cm 312//m
3 6.8
easy folding 
crease T tension line 
no crease line convergence
loose stowage 132 (33) 15.62cm 408pm
4 12.57
easy & compact stowage 
crease _L tension line 
larger sail area
difficult folding 
crease line convergence 104 (25+1) 15.12cm 312pm
Table 6.2: Sail membrane folding comparison
The best option in terms of ease and efficiency of stowage is the single membrane folding. 
Based on our novel creasing indicator, pattern 3 least affects the sail performance, trailing 
by the single sheet technique. Furthermore, in both patterns, crease lines are close to 
right-angles with respect to the tension lines, enabling a taut sail with minimum tension. 
Meanwhile, both patterns 1 and 2 have problems with crease line convergence that could 
weaken the sail membrane and cause tearing. Additionally, both patterns 1 and 2 have a 
large Cl.  Thus, choosing the better pattern is a trade-off between pattern 3 and the single 
sheet technique, although pattern 3 shows a clear advantage.
Because the single sheet membrane needs to be wrapped by the folding apparatus, taking 
time and space, pattern 3 was chosen for the repeated experiments of the deployment 
mechanism. Appendix B.4 has cutout diagrams of all four deployment patterns for the 
reader to try out and experiment with.
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6.5 D eploym ent M echanism  P rototype
So far two essential parts of a Solar Sail deployment system have been discussed, the booms 
and the sail membrane. To connect these two and the bus together,Two prototypes of a 
deployment mechanism was designed and developed. The structure of the prototypes are 
full scale and within the volume confines of the CubeSat standard. As mentioned earlier, 
due to size constraints the booms and the membrane are 1/3 of scale. Booms are a maximum 
of 1.3m long and the membrane quadrants are designed to extend to a 1.7m x 1.7m sail.
6 .5 .1  D e p lo y m e n t M ech a n ism  M k  I
To begin with, a simple wooden model shown in Figure 6.22 was constructed, housing the 
19m.m, booms. In this prototype, four slots on the side of the 100m,m, x 100mm boom 
housing were designed for the booms to extend from. The boom spindle is placed in the 
centre with a plate on top. On top of this plate a shaft extends which supports the sail 
membrane spindle, with the sail wrapped around. This prototype had many problems, 
mostly due to building everything by hand and from scrap material. Regardless, several 
successful deployment tests were carried out. One of these successful deployments is shown 
in Figure 6.14(b), where pattern 3 was analysed.
Figure 6.22: CubSail Deployment Mechanism Mk I
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Figure 6.23: CubeSail deployment mechanism Mk II (left) and CAD model (right)
6 .5 .2  D e p lo y m en t M ech a n ism  M k  II
An enhanced deployment system was conceptualised with an engineered CAD model, shown 
in Figure 6.23. In this version the top and bottom plates are made of Aluminium. The side 
walls of the boom spindle housing are made of nylon to ease the moving of the booms inside 
the housing with a lower coefficient of friction. There are also two small teflon pieces on the 
top and bottom plates which support the boom spindle and enable it to revolve about them. 
During testing of Mk I of the deployment mechanism, it was discovered that the force with 
which the booms exert to deploy the membrane is very violent and could potentially cause 
problems. To this extent, Mk II was designed with space for a removable motor in mind. 
This was done so that the effects of uncontrolled deployment and controlled deployment 
with the motor could be investigated, the results of which are discussed in Chapter 7.
Figure 6.23 shows the constructed Mk II of the deployment mechanism. Different elements 
of the mechanism that are pointed out in this figure are now examined further.
6.5.2.1 B oom  Stowage and R elease
The booms need to be simultaneously released when deployment occurs. Hence a spindle 
is required to wrap all four booms around. The spindle freely moves inside the deployment 
mechanism to extend the booms. Extension occurs by the tension stored when wrapping 
the booms. Figure 6.24 shows the different size spindles with the 25mm spindle attached 
to its booms. Each of the four booms are fed into four curved slots on the spindle and then
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'i
(a) 25mm (b) 32mm
Figure 6.24: Boom Spindles (Mk II)
wrapped around it. The spindle has a diameter of 36mm and is made of plastic for the 
central shaft and Aluminium for the top and bottom plates. An encoder wheel is printed 
on the top layer for positional feedback to the control electronics that drive the motor.
6.5.2.2 Control E lectronics
In Mk II of the deployment mechanism a control electronic circuit was designed to operate 
the motor and release the booms during uncontrolled operation. Appendix B.5 shows a 
circuit diagram of the electronics. The control electronics operates in 4 modes, two manual 
and two automatic. In the automatic modes, either the motor or the pin release mechanism 
can be operated. In this mode a timer counts down and then triggers the system. In the 
manual mode the triggering is done manually. The manual motor mode is designed to test 
the motor and retract the booms after extension, operating in both directions.
6.5.2.3 M otor Control
During the initial deployment tests of Mk I of the mechanism, it became clear that the force 
of the boom release is violent and could potentially cause unwanted torques and vibrations. 
There are two options for reducing this force, the first of which is by breaking. By using a 
break or a spring inside the spindle, the boom extension force will be reduced. Although 
the amount of breaking can be controlled, one might not be able to control it at different 
extension points. This is where a motor can assist.
Using a simple DC motor the extension of the boom can be controlled - even stopped - if the 
gear ratio is right. The motor could also be used to adjust the tightness of the sail. The only
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disadvantage is the addition of extra mass and use of extra power onto the spacecraft. To 
better simulate both systems and understand the forces required to slow down the extension 
of the booms, the motor option was considered as well. The motor sized for this purpose is 
a simple DC motor [121] with a large gear ratio. For a flight model a stepper space rated 
stepper motor may be used to avoid problems with gearboxes in space.
To successfully use the motor, a positional feedback system was required. Encoder wheels 
seen on top of the spindle in Figure 6.24 were used for this purpose. These encoder wheels 
relay back positional information to the motor so that the extension can be stopped when full 
deployment is reached. Chapter 7 will deal with comparing the controlled and uncontrolled 
deployments and the effects of this on the system mainly the torque induced on the spacecraft 
during deployment.
6 .5 .3  B o o m  S p in d le  R e le a se  M ech a n ism
One of the main challenges in designing a deployment mechanism is being able to hold the 
sail membrane and boom in their stowed position and remotely deploy them. In most cases, 
covering the outside of the mechanism with the solar panels and stopping the booms from 
deploying would suffice. However, during the tests conducted using the first version of the 
deployment mechanism,it was discovered that holding the ends of the booms in place is not 
a good option to stop deployment. When the boom ends are held in place the spindle inside 
the mechanism is free to turn and the energy stored by the springy nature of the booms 
goes into spinning the spindle. The booms eventually unfurl inside the mechanism and jam. 
After this, even if the boom tips are released, boom extension either occurs partially or not 
at all. This is one of the reasons that a low friction wall was used in Mk II, to prevent the 
jamming of the booms during deployment.
To resolve this problem, the spindle itself needs to be held in place until deployment is 
commanded. In the first version, a simple pin was used under the boom housing to hold 
the spindle in place. This pin was released manually to initiate deployment. Of course, 
such a system is not practical for a spacecraft. Hence a need for a remote mechanism 
that is able to release the spindle and initiate deployment is created. There are many such 
systems available, but they are either too large and heavy or use pyrotechnics for release.
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Figure 6.25: Spindle release mechanism in the closed(left) and open (right) positions
Pyrotechnic devices are not allowed inside the PFOD déployer and the PPOD is one of the 
main reasons the CubeSat structure was chosen.
The only available option is a pin that holds the spindle in place and is released using burn 
wire (or Nicrome wire). Nicrome wire is the wire used in heating elements and fuses, but 
small gauges of it will burn when a high enough current passes through it. Figure 6.25 shows 
the spindle release mechanism in the closed (before firing) and open (after firing) positions.
The mechanism uses a pin that holds the spindle in place. The pin is attached to a small 
plate and is held in place by Nicrome wire. The wire is then wrapped around this plate and 
another secondary plate underneath. The secondary plate is connected to the mechanism 
structure. A spring is used to create tension between the first plate and the mechanism 
structure. As soon as a current flows through the burn wire, it burns and releases the pin, 
detaching it and the first plate.
A circuit was initially designed to fire the burn wire using transistors, but this proved 
problematic. The current rise time of the base-collector was too large and the transistor 
was not able to sink enough instantaneous current. Instead, a relay was used as it could 
handle much higher instantaneous currents (see Appendix B.5). With this change, the 
release mechanism performed successfully every time. It has proven itself reliable, although 
vibration and vacuum tests are necessary for a flight version.
6 .5 .4  Sail A sse m b ly  L oad in g
With an overall picture of the deployment mechanism, a sail assembly loading can be cal­
culated. Table 6.3 shows this for three different types of membrane materials. The latest
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M klll design of the deployment mechanism, depicted in Appendix B .l, using the 25mm 
booms are considered. The sail assembly loading for this design ranges from A2gjm?' to 
52g/m^. This value will be further reduced when the flight ready booms are considered. 
For example, a set of 400^ booms with the 7gm CP-1 membrane and considering a mass 
margin will result in a sail assembly loading of 34p/m^.
Component Kapton Mass (g) %
CP-1 12fim 
Mass (g) %
CP-1 7fim 
Mass (g) %
Sail membrane 300 2&5 430.2 326 180 17
Membrane spindle 100 8.4 100 7.6 100 9.5
Booms (25mm) 581.53 49.1 581.53 44.0 581.53 55
Mechanism (Mk III) 146.1 12.3 146.1 11.1 146.1 13.8
Margin 56.38 4.8 6289 4.8 50.38 4.8
Total 1184.01 100.00 1320.72 100.00 1058.0 100.00
Sail A ssem bly 47.36^/ 52.82p/m^ 42.32(y/m^
Table 6.3; Deployment subsystem mass breakdown and sail assembly loading
Comparing this with the requirements in Chapter 3,it was concluded that using the following 
deployment mechanism, it is possible to reach a characteristic acceleration of O.lmm/s^.
6.6 D eploym ent
Both Mk I and Mk II of the deployment system where tested multiple times. Much was 
learned through the countless Mk I deployments, that were carried forward and implemented 
in Mk II. A few successful deployments where achieved with Mk I, while Mk II performed 
much more reliably in terms of complete and successful deployments.
One of the successful Mk II deployments that used the 25mm booms and folding pattern 3 
is analysed here. Figure 6.26 shows a time-lapsed sequence of a full deployment in about 1 
sec. During the first 0.4 s, the booms are pulling the sail membrane from the spindle. From 
0.5 8 into deployment, it is evident that the sail membrane has fully unwrapped from the 
central spindle, while the booms have yet to be fully deployed. It is hard to deduce from 
the videos when full deployment is reached and when gravity takes hold and pulls the sail 
down. But, with the boom experiments in section 6.2.3.3 and this deployment video, it is 
evident that the force of the booms and hence the speed of deployment reduces close to the
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end, taking a longer time for the booms to extend and the sail to fully stretch.
6.7 C hapter Conclusions
In this chapter a proposed deployment system for a nano-Solar Sail, was presented, specific­
ally designed for the Cubesail demonstration mission. The Cubesail has 4-quadrants and is 
5m X 5m in size and is based on the 3U CubeSat standard.
Boom s: Booms made of tape spring blades, 3.6m in length were presented for the
5m X 5m Cubesail. Given the weaknesses of a single tape spring blade when flipped over, 
two blades were attached front to front to increase the bending stiffness.
Different blade sizes and widths for the construction of the booms were investigated. It was 
discovered that four booms around a single spindle inside the 100mm x 100mm CubeSat 
base area creates limitations, including boom stowed thickness. It was concluded that 
the 0.32mm and 0.4mm thick booms are the most accommodating and provide an overall 
diameter of 80.02mm and 90.04mm with spindle sizes of 10.9mm and 20mm respectively.
The possibility of multiple spindles were investigated, but it was realised that the amount 
of occupied volume by such configurations would reduce the available space for the sail 
membrane stowage and reduce the sail size. Multiple spindles could provide longer and 
thicker booms, but the less volume available for the sail membranes would mean that the 
sail size would be smaller.
Mass-loading of the booms was another characteristic investigated. The three different 
booms manufactured from COTS components had mass-loadings of 29.6^/m, 40.38g/m 
and 64.61p/m. These options provided a good mass margin in comparison to mass-loading 
calculations performed in Chapter 3. Using the 25mm booms, the 12fim sail membrane 
and assuming a mechanism mass of 500^, a total deployment mechanism mass of 1651# is 
achieved, resulting in a sail assembly loading of 66#/m^. This is well within our maximum 
of 7S.9g/m? defined in Chapter 3, Table 3.1.
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(a) 0.00 s (b) 0.17 s (c) 0.27 s
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(d) 0.37 s (e) 0.47 s (f) 0.57 s
(g) 0.67 s (h) 0.77 s (i) 0.87 8
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Figure 6.26: Deployment of the 1.7m ground demonstration Mk II
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M em brane Folding: Membrane folding is one of the important topics in Solar Sail
deployment which can easily be overlooked. Four different folding techniques were discussed. 
Pattern 1 (see Figure 6.10) showed good promise in terms of packaging and stowage, but 
it had two flaws: first, a convergence of crease lines at two points causes the membrane to 
weaken. If this area is used for attachment of the membrane to the booms, it could cause 
tearing. Second, the lines of folding are parallel to the tension lines, requiring more force 
to tighten the membrane. Pattern 2 had a fewer number of folds, but had the problem 
of convergence of the crease lines and possible weakening of the membrane (see Figure 
6.12). Pattern 3 was an evolved version of pattern 2, with no crease line convergence (see 
Figure 6.13). Pattern 4 was a single sheet membrane folding technique, which used a folding 
apparatus to fold the membrane (see Figure 6.15).
C reasing Ind ica to r {Cl): It was realised that visual analysis of the folding patterns
is inadequate and given the possibility of the formation of hot spots and reduction in sail 
performance called for further analysis. A novel creasing indicator was presented, which 
provides an indication on how dense the creases on a specific pattern are and gives a sense 
of the probability of the formation of hot spots. C l  is calculated by dividing the total 
creasing length by the membrane area.
By further analysing C7, it becomes evident that beside the effects of the folding pat­
tern creases, the height of the membrane spindle and the membrane size are parameters of 
importance. The height of the membrane spindle will dictate the number of folds. Consid­
eration of these facts has made C l  into a tool for finding the correct folding pattern, sizing 
of spindle and sail membrane. A direct relationship between C l  and the formation of hot 
spots is difflcult to calculate as it involves the sail membrane material, its reflective index 
and the tightness of the sail.
This novel creasing indicator was used to analyse the four patterns. In the sail length versus 
spindle length temperature plots (see Figure 6.21), pattern 1 showed a maximum C l  value 
of 50 while pattern 3 and 4 showed a maximum value of around 35. Pattern 3 had the lowest 
maximum C l  of 20. Combining the visual observations, stowage size and folding difficulty 
with the Creasing Indicator, it can be concluded that pattern 3 is the best option, trailed by
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pattern 4. This analysis is scalable to any size Solar Sail and is not confined to the Cubesail 
mission.
M echanism : The overall deployment mechanism was presented, with a description of
each of its parts. A motor was used in the engineering breadboard to control and slow down 
the extension of the booms and its effect on torques. One of the challenging problems of 
the deployment mechanism was the ability to remotely trigger deployment. If a motor is 
used this is fairly straightforward. When uncontrolled, the option of holding the ends of the 
booms to stop them were rejected as it caused jamming. To solve this problem, a spindle 
release mechanism was proposed, that holds the spindle in place and releases it by burning 
a Nicrome wire.
A lte rna tive  Uses: The deployment mechanism presented here could also be used for
an alternative application. The large membrane will increase the cross sectional area of any 
spacecraft enabling an increase in their ballistic coefficient and a rapid de-orbiting of the 
spacecraft.
6 .7 .1  C o n tr ib u tio n s
The contributions made throughout this chapter can be listed as follows:
• Design, development and sizing of a new COTS based boom  using tape spring 
blades.
• Assessment of different folding p a tte rn s  and their suitability for the Cubesail.
• Development of a novel C reasing In d ica to r (Cl)  to analyse the effects of creasing 
on the sail membrane that can also be used as a tool for choosing and sizing.
• Design and development of a spindle release m echanism  to remotely release the 
boom spindle and trigger deployment.
• Design and development of a deploym ent m echanism  for the Cubesail mission.
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6 .7 .2  F u tu re  W ork
Some of the possible avenues of research this work could lead to, are:
• F u rth e r  analysis of th e  boom ; There are other characteristics of the boom that 
need to be studied before a final flight model is developed. As part of the Cubesail 
project a PhD position was opened which is solely concerned with the analysis of the 
Cubesail structure and its booms, including analysis on vibrations, boom stiffness, 
sail tension requirements and sail wrinkling. Additionally, the possibility of using 
Bi-Stable Reeled Composites is being investigated.
• C reasing Ind ica to r: The relationship between C l  and formation of hot spots would 
be beneficial. This relationship can enable a direct sense of how folding effects effi­
ciency. As calculating such a relationship analytically could be problematic, an experi­
mental analysis is recommended. Analysis of other folding patterns using this indicator 
is another avenue of research.
• Effects on M em brane: If the deployment system is used as a de-orbiting device, 
the degradation of the membrane when faced with the atmosphere would need to be 
analysed. This includes the effects on the orbit, lifetime and possible tearing of the 
membrane.
Although two versions of this deployment prototype has been constructed, much work and 
testing needs to be carried out for fully qualified fiight hardware for the Cubesail demon­
stration mission. Some of the required future work and recommendations with regard to 
the Cubesail deployment mechanism order are listed below:
• A n anti-jam m ing m echanism  for deployment: any obstructions to the booms dur­
ing deployment can cause the booms to pause or slow down for an instant, whilst 
the boom spindle is still rotating. This can cause the booms to unravel inside the 
mechanism and jam. A deployment mechanism is currently being designed with an 
anti-jamming system in mind. This mechanism is illustrated in Figure B.l
• T he deploym ent m echanism  o rien ta tion  could be changed to reduce the mass 
and remove the need for a shaft. The boom spindle housing is connected upside down
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and its bottom is used as the CubSat base. This also closes the gap between the CM 
and CP offsets and enables the attitude actuators a larger range controllability.
• V ib ra tion  dam peners could be used to further reduce any vibrations caused by the 
deployment. These dampeners could be used at the tops of the booms.
• V igorous v ib ra tion  th e rm al and  vacuum  te s tin g  of the deployment mechanism 
and all its components is necessary before the construction of a flight model.
• A Sail tension  feedback system  is required to assess the tension on the sail mem­
brane. Currently the motor uses an encoder to calculate the distance it needs to deploy 
the booms. This is unreliable as an encoder pulse could be skipped. Expansion and 
contraction of the sail would put off the predetermined extension distance and cause 
the sail membrane to tear. A feedback system is required given the use of a motor to 
drive the spindle. Tension sensors could be attached in line with the linkages between 
the sail and bus and sail and booms and fed back to the motor.
Mk II of the deployment mechanism is currently under design and review and is depicted 
in Appendix B.l. This mechanism includes an anti-jamming system and rollers for ease in 
boom deployment.
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Deploym ent System  Experim ental 
Results
In the previous chapter the deployment mechanism for the Cubesail was introduced. To 
better understand the mechanism and its performance during deployment, a number of 
experiments were carried out. The objectives of these experiments were to determine the 
speed of deployment and roll angular momentum during deployment, in addition to assessing 
the reliability of different components of the deployment mechanism such as booms, boom 
Sz sail spindle and spindle pin release. These tests used deployment mechanism Mk II and
1.3m booms extending a 1.7m x 1.7m membrane. This size is a third in-length of the actual 
5m X 5m CubeSail and provides a good basis for analysing the deployment system.
7.1 D eploym ent on a R otating P latform
The first set of experiments were performed with and without the sail membrane, with and 
without motor control and using the 19mm and 25mm booms. As mentioned in the previous 
sections, due to the high mass-loading of the 32mm boom, this option was discarded. The 
focus of the experiment was on the 25mm wide booms as they are the preferred choice for 
the 5m x 5m CubeSail, while 19mm booms were tested for comparison purposes. Table 7.1 
shows an overview of the tests performed. In this table uncontrolled deployment is when the
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booms use the spring tension stored when wrapped around the spindle to deploy, controlled, 
uses a motor to extend the booms, and ramped uses the same motor but the motor’s speed 
is ramped up and then down.
Boom Size Uncontrolled Controlled Rampedno Sail with Sail no Sail with Sail no Sail with Sail
19mm - V - - - V
25mm V V
Table 7.1: Sail membrane Material
7 .1 .1  E x p er im e n t S e tu p
The deployment mechanism was mounted on a rotating platform constructed to enable the 
mechanism to rotate freely about its roll axis with as low a friction as possible. This enables 
observation of the change in the roll angle as well as roll velocity and acceleration during 
deployment. Underneath, the platform was covered with non-stick baking sheets to provide 
a smooth low-friction surface for the booms to glide over. Figure 7.1 displays a CAD model 
of the rotating platform and an image of the experiment setup. To take measurements two 
devices were used a video camera and the Qualysis Motion Capture system.
Control electronics
----------------- Batteries
Active IR markers 
Central Shaft
Sail meml)i ane
25mm boom  
Spindle release
Rotating' Platform
Figure 7.1: Experiment 1 setup (left) and low friction rotating platform drawing (right)
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7.1.1.1 V ideo Cam era
All performed experiments were recorded using a video camera. The purpose of this was 
to analyse the behaviour of the sail membrane and booms during deployment and measure 
the speed at which deployment occurs.
7.1.1.2 Q ualysis M otion  Capture
Developed by Qualysis, Inc. (Savebalden, Sweden), this system uses multiple infrared (IR) 
cameras to construct a 3D representation of the position of an object. The cameras emit an 
IR pulse which is reflected by small spherical IR-markers and recaptured by the cameras. 
The position of these markers are then accurately calculated. The system needed calibration 
every few hours and during this calibration, errors in each of the three axes were displayed. 
These errors were usually less than 0.5mm and are recorded for each experimental run.
Due to the high reflectivity of the sail membrane, false markers were detected up by the 
IR cameras, making the passive spherical markers useless. Hence active IR markers were 
designed and constructed. These are high powered IR-LEDs with a wide field of view. 
Figure 7.1 shows the positions of these active IR markers on the deployment mechanism. 
Additionally, attempts were made to position active markers on the tip of the booms, but 
this proved to be challenging as the IR-LEDs have a high power consumption. To reduce 
mass at the end of the booms, small button batteries were used to power the LEDs, but 
they did not last very long and would empty out during deployment. In only one of the 
experimental runs one of the active markers was detected by the motion capture system.
The raw data from the motion capture system were the X, Y and Z positions of the markers. 
Post processing was required to extract rotational information. Figure 7.2 shows the data 
processing technique used. The data from the motion capture system was recorded at 200 
Hz. Four vectors were extracted from the relative position of the markers with respect to 
each other. The dot product of the vectors was taken over time and the change in angle 
calculated. The four different angles were averaged and then put through a low pass filter. A 
window function was used for the filter with a gaussian window with a standard deviation of 
2 samples. The window function multiplies five samples with a gaussian distribution curve
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Figure 7.2: Motion capture system raw data processing flowchart 
and takes their average, replacing it with the original middle sample.
7.1.2 U n c o n tro lle d  D ep lo y m en t
The uncontrolled experiments involved using the spindle release mechanism to remotely 
release the spindle and capture the results using the Qualisys motion capture system. To 
begin with, the 25mm booms with no sail membrane attached to them are used. The sail 
was removed to understand the angular velocity that the deployment of the booms produce 
and create a comparison basis for when the inertia is increased and the sail membrane is 
added. Figure 7.3 shows the change in angular position (Û), velocity (w) and acceleration 
(a).
7.1.2.1 25mm Boom , no Sail
Using the 25mm boom and no sail membrane, an uncontrolled deployment was carried out. 
Figure 7.3 shows time lapsed images and results from the motion capture system.
At point (b) in Figure 7.3 the booms are extended to 0.27m from the full 1.15m, yet more 
than half of the change in angular position has occurred. Point (d) is when the booms are 
extended to 0.85m and start to touch the ground: this is when angular position reaches its 
peak of 80° and then retracts back to 68.5° at (f). This retraction is caused by the booms 
touching the ground and providing an anchor. This anchor point in turn forces the bus to
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Figure 7.4: Boom extension for uncontrolled deployment using 25mm boom, no Sail
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spin back to when the booms first touch the ground.
There were multiple oscillations before and after full extension at (f) as observed in Figure 
7.3. Through careful observation of the video it can be seen that these are caused by 
vibrations in the booms. The booms extend so violently that they cause vibrations after 
resting on the ground and these vibrations are fed back into the bus.
The time for which this deployment occurs is about 0.5s. This is quite fast and creates a 
peak angular velocity of about 631°/s and a peak angular acceleration of about 11920°/s^. 
In effect, as the booms are further and further extended, the inertia of the system increases 
dramatically and the inertia of the boom spindle decreases.
During this case the active marker at the tip of one of the booms was fully recorded by the 
motion capture system throughout the deployment. Figure 7.4 shows the boom extension, 
plotting length against time. This shows that the deployment takes place in about 0.5 s in 
which time the boom extends about 1.15m away from the bus.
7.1.2.2 25mm B oom  w ith  Sail
Using the same configuration as before, the sail membrane is added and folded using pat­
tern 3, described in Chapter 6. Figure 7.5 shows time-lapsed images and angular position 
and velocity data from the motion capture system. Observation of the time-lapsed images 
suggests that, from point (a) through to point (d) the booms do not contact the ground. 
At point (d) the booms have extended to about Im  with a change in angular position of 
75.7° and have made contact with the ground. At this point, the angular position reverses 
until point (e) when the booms are fully extended and the angular position approaches 
72.2°. Similar to the previous run, this reversing in angular position is caused by the booms 
contacting the ground and anchoring in, forcing the bus to spin back.
The positional offset between the peak and settled value is about 3.5° in comparison to
11.5°, when there was no sail. Additionally, the deployment time has increased to 0.7s with 
a peak in angular velocity (w) of about 438°/s and a peak in angular acceleration (a;) of 
about 6961°/s^. This shows that the violent nature of boom extension has been damped, 
due to the larger moment of inertia and the extra force required to unfurl the sail membrane
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Figure 7.5: Uncontrolled deployment using 25mm booms, with Sail
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from its spindle. Several oscillations are again seen before the angular position settles. These 
oscillations have reduced in intensity, which is a result of the membrane attachments with 
the booms.
7.1.2.3 19mm B oom  w ith  Sail
Figure 7.6 shows the result of the uncontrolled deployment experiment for the 19mm boom.It 
can be seen that the results are consistent with the uncontrolled 25mm deployment case. 
The change in angular position of both boom sizes is about 80°, while the angular velocity 
and acceleration of the 19mm booms are higher. This shows that the force that the 19mm 
booms exerted for deployment is larger than the 25mm case. This was because the 25mm 
booms had their coatings removed, whilst the coatings of 19mm boom are intact, causing less 
friction with the inside walls of the mechanism. Also interesting to note, is that at point (d) 
the booms start contacting the ground, but vibrations are seen before this contact, whereas 
in the previous case of the 25mm boom these back and forth changes in angular position 
were not seen until the boom contacted the ground. This is expected, as the 19mm booms 
are smaller and hence more flexible than the 25mm booms. At point (e) the booms fully 
extend and at (f) the sail is taught and at rest. In this case the maximum velocity is about 
616°/s and the acceleration is about 11260°/s^.
7 .1 .3  C o n tro lled  D e p lo y m en t
In the uncontrolled cases, vibrations during boom extension and very high angular velocities 
were seen. These angular velocities, although instantaneous, will cause problems for the 
attitude sensors and spacecraft stability. This calls for an investigation into the effects 
of controlling the deployment process. As mentioned in the previous chapter, Mk II of 
the mechanism was designed with a motor driver for boom control. This motor is used for 
deployment, initially without the sail and then with the sail membrane. The setup is similar 
to the uncontrolled experiments except for the addition of the motor.
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7.1.3.1 25mm Boom , no Sail
Figure 7.7 shows the result of a controlled deployment with the 25mm booms and no 
sail. From point (a) to (d) the extension is smooth and the bus starts to turn to about 
102°, taking about 5.3s. After point (d) the inertia of the system is large enough that the 
torque induced by turning the spindle is smaller than the platform’s friction and the angular 
position hardly changes. Even at point (e), when the booms contact the ground, the angular 
position remains relatively the same. So, it is only at the beginning of the deployment, 
when the boom spindle inertia is at its largest and system inertia at its smallest, that the 
maximum amount of angular momentum is induced onto the system. Full extension occurs 
at (f), 15.33s into deployment.
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Figure 7.6: Uncontrolled deployment using 19mm booms, with Sail
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From point (d) onwards, until full extension of the booms at point (f), a lot of vibrations are 
observed; the bus is moving back and forth. As the booms unravel from the spindle, there is 
a need for one of the blades to slide in or out with respect to the other one. Additionally, the 
booms are not covered fully in Kapton film and have Kapton tape at 5cm intervals. Within 
these gaps, one of the blades bulges out causing bending, but as soon as more of the boom 
clears the spindle, it slides into place and straightens. While the boom extends further, the 
gap between the tapes and the bulging causes a back and forth motion in angular position 
and sudden changes in velocity and acceleration. Note at the beginning, before (d), only a 
small proportion of the blade needs to slide against the other blade and bulging between 
the gaps does not occur.
As most of the change in angular position happens before (d), it is safe to assume the
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Figure 7.7: Controlled deployment using 25mm booms, no Sail
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maximum angular velocity and acceleration produced in this region can be generalised. 
Thus a maximum velocity of about 63°/s  is acheived. Note that the velocity is an order of 
magnitude smaller compared to the uncontrolled deployment.
7.1.3 .2 25mm Boom  w ith  Sail
Figure 7.8 shows time-lapsed images and motion capture results of the controlled deployment 
with the sail membrane. Observation of the plots shows that there is not much change 
between the case with the sail and without. This is due to the controlled extension of the 
booms. Point (d) is 6.2s into deployment, by which time most of the change in angular 
position has occurred and the sail first contacts the ground. It could be said that this is the 
reason no further significant change in angular position occurs. However, when comparing
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with the case with no sail, it is possible that contacting the ground has very little to do with 
it. This needs to be confirmed and will be studied further in the second set of experiments. 
Point (e) is when the booms contact the ground for the first time and point (f) is full 
extension. Finally, observed vibrations after point (d) are due to bulging of the booms.
As most of the change in angular position happens before (d), it is safe to assume the 
maximum angular velocity and acceleration produced in this region can be generalised. 
Thus, a maximum velocity of about Q6°/s and an acceleration of about 1017°/s^ is ovserved. 
These accelerations and velocities are again an order of magnitude smaller compared to the 
uncontrolled deployment.
7.1.3.3 Controlled vs. U ncontrolled
Comparing the results generated of the controlled deployment and the uncontrolled deploy­
ment, shows that during the controlled deployment, the total change in angular position is 
larger than that of the uncontrolled. There are two reasons for this, which will be exam­
ine. First,it is noted that during uncontrolled deployment the point which the booms first 
contact the ground is usually the resting total change in angular position. This infers that, 
although there might be a high initial torque induced on the system, the change in angular 
position is hindered by the grounding of the booms.
In the controlled cases, the torque induced on the system from deployment is smaller. The 
change in angular position is only hindered by friction of the rotating platform and the 
booms hit the ground after a rest'in the change in angular position is seen. Comparing the 
angular acceleration and velocity of the two cases reveals that the uncontrolled cases are 
an order of magnitude larger than the controlled, indicating that the torque induced by the 
uncontrolled deployment is much larger.
The second factor responsible for this large change in angular position, is due to the sudden 
start-up of the motor. As soon as the deployment command is given, the motor jumps to 
full speed and this sudden jump causes an angular momentum on the system.
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7.1.4 C ontrolled-Ram ped Deploym ent
In the previous controlled cases, the sudden start-up of the motor caused an angular velocity 
of about 60°/s  on the system. To reduce this, the motor’s velocity is gradually increased 
to full speed and, eventually, gradually decreased to stop. This is called ramping. The 
following sets of experiments are concerned with deployment using the ramping technique.
7.1.4.1 25mm Boom , no Sail
Figure 7.9 shows the ramped deployment with the 25mm sail booms. A dramatical reduction 
in the overall change in angular position is also ovserved. At point (b), 3.3s into boom 
deployment, a 31.7° change in angular position is observed. After this point, due to bulging 
of the blades in between the Kapton tapes, large vibrations in angular position are observed. 
Even at (c) when the booms contact the ground these vibrations still persist. Booms contact 
the ground at 14.3s and full deployment occurs at 19.6s. Compared to the controlled case, 
the flexing of the booms and the change in angular position is higher. In the controlled 
case the booms contact the ground soon after the change in angular position has occurred, 
while in the ramped case the booms are still in the air and any bulging of the blades causes 
massive back and forth motion.
The main source of change in angular velocity and acceleration before point (b) are de­
ployment torques. This is while bulging is responsible for changes after this point. The 
maximum angular velocity caused by deployment is about 25°/s . This value is four times 
smaller than the controlled deployment, which shows a further reduction in the angular 
momentum induced on the spacecraft as a direct result of deployment.
7.1.4.2 25mm Boom  w ith  Sail
Figure 7.10 shows the ramped deployment with the sail. Not much difference is seen between 
this and the no sail case. By point (c), 3.8s into deployment, most of the changes in angular 
position have been completed, with a 38.3° change in position. Between point (c) and (d) 
the change in position remains somewhat constant with small vibrations in angular position
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caused by the bulging of the booms. After point (d) and up to (f) this bulging intensifies 
and causes large torques on the system. It is only after point (e) when the booms contact 
the ground that these vibrations are damped. Point (f) is full deployment, occurring at 
18.3s after start. These vibrations are more intense compared to the no sail case, because 
the tips of the booms are being pushed back by the unfurling of the sail. This force, in the 
opposite direction, can cause the bulging to intensify and produce a larger change on the 
angular position.
There is a larger change in angular position by point (c) with respect to the no sail case, 
which is caused by the extra inertia from the sail and the spin of the sail spindle. In compar­
ison, the angular accelerations and velocities seen in ramped deployment are considerably 
less than the controlled and uncontrolled deployments.
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7.1.4.3 19mm Boom  w ith  Sail
Ramped deployment experiments with the 19mm booms have more or less acted in the same 
manner as the 25mm booms. The only difference is that a slower ramp was used, which 
is evident in the extra second in total deployment compared to the previous case. Figure 
7.11 shows that the booms contact the ground at around point (b), by which time most 
of the change in angular position has occurred as a result of deployment. Vibration from 
bulging of the booms start to become extensive. At point (e), full boom extension occurs. 
From point (e) to (f) the motor is ramping down and the sail membrane is tightened. As 
the boom ends have anchored onto the ground, the tightening of the sail causes the bus to 
rotate into position with respect to the booms, hence a sudden change in angular position 
is observed.
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7 .1 .5  E x p er im e n t C o n clu sio n s
From these tests, two unwanted phenomena were discovered during deployment: the dis­
turbance torque and the unwanted oscillations. The torques induced on the system have 
two sources. The first source is the torque induced by unfurling the sail and the booms. 
During uncontrolled deployment, it was found that this torque is very large and needs to be 
controlled. When controlled, the induced torque reduces considerably and when ramped it 
does so even further. Table 7.1.5 shows the change in angular position, maximum angular 
velocity and acceleration and the deployment speed for all the test cases.
The second source of disturbance is from the extension of the booms. As the blades are 
unravelled from the spindle, they tend to slide into place with respect to each other. Bulging 
occurs due to gaps between the Kapton tapes. For a moment, sliding does not happen and 
one of the blades bulges out from the gap. This is rectified as the boom extends further but 
causes an unwanted torque which moves the bus back and forth.
6{deg) 6{deg/s) ë{deg/s^) time (s)
25mm no Sail 6&5 631 11620 0.5Uncontrolled with Sail 72.2 438 6961 1
19mm with Sail 74.4 616 11260 1
Controlled 25mm no Sail at (e), 98 63 950 15.3with Sail at (e), 91 66 1017 18.2
Ramped 25mm no Sail with Sail
at (b), 31.7 
at (c), 38.3
25
25
1000
400
19.6
18.3
19mm with Sail at (c), 33.5 25 100 19.3
Table 7.2: Sail deployment experiments
The vibrations caused by bulging are only observed in the controlled and ramped cases. 
During the uncontrolled deployments the rapid unfurling of the booms does not allow enough 
time for the bulges to appear, whereas in the other two cases the slow nature of deployment 
gives plenty of time for this. This problem can be rectified by covering the whole boom in 
Kapton film, thus removing any gaps for the bulges to occur.
The second unwanted phenomenon was that of the angular position oscillations. The os­
cillations could be seen during controlled and ramped deployment in very small amounts. 
However, in the uncontrolled case the extent of the oscillations were more. Another import­
ant conclusion was that the largest portion of momentum induced by deployment happened
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in the very first part of boom extension. This is when the inertia of the system is still small 
but the boom and sail spindle inertias are large.
Another observation seen throughout these experiments was the jamming of the booms. 
This occurs when the booms are hindered by their tips during deployment. While the boom 
spindle continues to unfurl inside the mechanism, the boom tips remain in place or extend 
at a slower rate. This causes the booms to unfurl inside the mechanism and start moving 
against each other and the walls. The friction between them and the walls together with 
the edges of the tapes stops them from further expanding.
7.1.5.1 P ossib le Sources o f Error
There are a number of possible sources of error that need to be considered.
• The friction in the bearing connecting the rotating platform with the deployment 
mechanism causes a reduction in torque and angular velocity and a premature end to 
the motion.
• Sail and boom contact with the ground caused a reduction in boom length extension 
and induced a lower system rotation speed.
• The motion capture system is another source of error. The system required re­
calibration every few hours. After each calculation possible errors along each axis 
was reported. In all cases these errors were below 0.5mm and in most cases about 
0.1mm.
• Mechanism wobbling, caused by an uneven distribution of mass, could result in a 
reduction in the amount of torque induced along the roll axis.
• Air friction is another source of error in the experiments. This source of error was 
amplified for experiments that involved the sail membrane.
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7.2 D eploym ent on an A ir-bearing Table
The previous experiment gave a good indication of instantaneous angular velocities and 
possible sources of vibration. However, the results after the booms contacting the ground 
cannot be relied upon and do not give a clear indication of the sail’s behaviour after de­
ployment. Additionally, the friction of the bearing caused a reduction in angular velocity. 
Together with the fact that the system was only bound to rotate about a single axis, this 
created the motivation for a second experiment. In this second experiment attempts to 
eliminate bearing friction and allow the system to rotate about all three axes and increase 
the mechanism height from the ground.
The focus of this experiment is on the uncontrolled deployment with and without the sail 
membrane. The reason behind this is two fold: firstly, the nature of the controlled deploy­
ment is predictable, because the booms are extending in a controlled manner and the torque 
induced on the spacecraft is managed. Secondly, mounting of the motor and controller on the 
air-bearing table caused problems in balancing the table. Large offset masses are required 
to stabilise the table. These masses in-turn would cause a further increase in the system’s 
inertia.
7 .2 .1  E x p er im e n t S e tu p
The deployment mechanism was mounted on a circular plate attached to an air-bearing 
table (see Figure7.12). An air-bearing table consists of a large ball bearing that is able 
to move freely inside a socket. Tiny holes inside the socket pump out high pressured air, 
creating a cushion of air that separates the socket from the ball bearing. This creates a 
virtually frictionless contact surface between the two. The air-bearing table can turn 360° 
about the roll axis and ±30° in the pitch and yaw axes.
The table needs to be balanced for every experiment. Tiny changes in mass positions, like 
movements of wires or the sail membrane, will cause an offset between the pivot point and 
the centre of gravity, which in turn tilts the system. Additionally, for the table to be stable, 
the centre of gravity needs to be below the pivot point. If not, the system will act like an 
inverted pendulum, the centre of gravity will fall and the table will collapse to one side.
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B earing
Tligh p ressure  a ir
(a) Air-bearing diagram
1“ IR markers
—  Sail membrane
-  Boom
^  -  Spindle release 
—  Bearing
----------- Bearing attachment
Batteries
(b) Experiment Setup 
Figure 7.12; Sail d ep loym ent configuration  on th e air-bearing tab le
M ounting th e m echanism  on th e  bearing as is creates an u nstab le system. To rectify  th is, 
the control electronics and th e b atter ies were m oved to  below  th e p ivot p o in t and under  
th e  ring. T h is proved to  b e sufficient for th e  exp erim en t w ith ou t th e  sail m em brane. In  
th e exp erim en ts w ith  the sail m em brane, th e  ad dition al m ass o f the m em brane, m em brane  
sp ind le and th e sh aft, m ade th e sy stem  u nstable. To correct th is , ex tra  w eight w as added  
to  th e b atter ies and th ey  were further lowered from  th e  ring p late . T h is b a lan cin g  act is 
th e  m ain  reason controlled  d ep loym ent was n ot carried out. T h e extra  w eight o f th e  m otor  
w ould require counter balances, resu lting in  increased  in ertia  and w eight.
In th e  cases w ith ou t th e sail th e active IR  m arkers were p osition ed  at th e  ring ed ges and  
in th e cases w ith  th e sail th ey  were repositioned  at th e top  o f the m echan ism  in  a square  
configuration, as show n in F igure 7.12. T h e Q ulaysis m otion  capture sy stem  w as also  used  
to  capture three axis angular p osition , rate and acceleration .
7 .2 .2  B o o m  D e p lo y m en t
T h e first few runs of th e experim ent on ly  involved  th e b oom s. E xten d in g  the b oom s by  
them selves gives a good  com parison  basis w ith  th e p revious exp erim en t. It also avoids th e  
air resistan ce caused  by th e dep loym ent o f th e m em brane. T h e b oom s used  were th e  exact  
sam e 25m m  ones used in th e previous experim ents.
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Figure 7.13 shows time-lapsed images of the boom extension on the air-bearing table together 
with the angular position, rate and acceleration data captured by the Qualysis motion 
capture system. Among the three degrees of freedom data, the roll is the most important, 
as most of the momentum from deployment is dumped about the roll axis. The pitch and 
yaw data are generally not as useful as they are effected by gravity torques resulting from 
the tiniest misalignments between the pivot point and centre of gravity.
7.2.2.1 A nalysis
Observing Figure 7.13 shows the booms to fully deploy by (d) which is about 0.30s after 
deployment. The angular position graphs show the bus to be turning in one direction up 
to point (e) and then rotating in the opposite direction until (f). The same behaviour was 
observed during the previous experiment. There, it was thought that the reverse movement 
was a result of the booms anchoring on to the ground. Rather, here, no anchoring takes 
place and yet a similar phenomenon is observed, indicating other sources of error. Observing 
the video of the deployment showed the booms to initially extended outwards, in line with 
the starting orientation of the bus. The boom tips extend in the same line while the boom 
spindle rotates and forces the bus in the opposite direction. At point (e) the boom forces 
the bus to stop rotating any further.
Based on the angular rates at (f), a negative peak also exists in the position, indicating a 
positive movement before the equilibrium is reached. The main reason behind this oscillation 
is the flexible nature of the booms and the fact that the prototype booms are not completely 
fixed to the bus walls and can move a few millimetres from side to side.
The changes in angular position and rates beyond the 2s mark are a result of the shift in 
centre of gravity with respect to the pivot point. This shift causes unwanted gravity torques 
which results in the collapsing of the system to one side.
The original experiment suggested a peak angular rate of about 600°/s (see Figure 7.3), 
whereas in this case a peak rate of about 70°/s is observed. The same order of magnitude 
difference is seen in angular position and acceleration. This large difference can be explained 
by changes in inertia between the two experiment setups. The first experiment was much
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Figure 7.13: Boom deployment on the air-bearing table
lighter in mass: only a small shaft was added to the mechanism. Conversely, not only a 
heavy solid bearing is attached to the system but the positions of the batteries are further 
out, creating a much larger moment of inertia.
7.2.2.2 B oom  D eploym ent E xperim ent R obustness
To verify the results, the experiment was conducted multiple times. Figure 7.14 compares 
the different runs of the experiment. Given that the changes about roll are of interest, this 
figure shows a good correlation between the three runs. The magnitude and timing of the 
changes in angular position, rate and acceleration during deployment is consistent through­
out the three runs and within the deployment time frame of under l.s (between seconds 1 
and 2). Differences beyond the 2 second mark specially in the roll axis and between Exp.
1.2 and Exp 3 are seen. The source of this difference is the air-bearing table. The table after
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Figure 7.14: Comparison of boom deployments on the air-bearing table
full deployment comes out of balance and rotates not only in the pitch and yaw axes but 
also in the roll. Other differences between the three experiment have many other potential 
sources, some of which are:
• Changes in inertia.
• Changes in the way the booms are wrapped (tightness).
• System rotations existing prior to deployment.
• Non-synimetric nature of deployment.
Other anomalies can be seen in the changes in direction and magnitude of the pitch and yaw 
axes. As the booms fully deploy, the inertia of the system changes and the sail collapses to
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Figure 7.15: 25mm boom wrapped in PET
one side. In each experiment, the system starts at a different orientation and hence collapses 
to a different side. Looking closely at the pitch and yaw rates, a high frequency oscillation 
is visible. This cannot be caused by a gravity torque as its effects are too slow. It can be 
concluded that vibrations in the boom have transferred some angular momentum into the 
pitch and yaw directions as well. Although these rates are several times less in magnitude, 
they could potentially affect the functionality of the on-board attitude sensors.
7 .2 .3  Sail D e p lo y m en t
Here the deployment of the sail membrane on the air-bearing table is presented. A few 
changes in comparison to the boom deployment were made. The batteries were lowered by 
a few centimetres and counter weights were added, to balance the table. Figure 7.12 shows 
the deployment configuration with the sail membrane.
7.2.3.1 B oom  Im provem ents
So far, the 25mm boom set was used, but due to repeated deployments they were degraded 
and many of the Kapton tapes had become loose. They jammed many times resulting in 
many unsuccessful deployments. This called for the use of a new set of booms. The same 
25mm blades were used, but they were constructed using the original design (see Figure 
6.3(b)). Aluminised PET was used to wrap around the blades instead of multiple Kapton 
tape and Kapton tape was used to stick both sides of the PET together (see Figure 7.15).
With this improvement, deployment became much smoother. Even when the booms were 
stopped from their tips and then let go, they would still fully extend. It was therefore 
concluded that the main cause of jamming was from the friction between the booms, between 
the booms and the walls and between the Kapton tapes. By using the PET membrane and 
reducing the friction, the jamming problem was rectified. It was only during sail deployment
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on the air-bearing table that these booms were used.
Figure 7.16 shows time-lapsed images of the deployment together with data from the motion 
capture system. Again, the roll angular position, rate and acceleration are targets of this 
experiment.
7.2.3.2 A nalysis
In Figure 7.16, points (a) to (d) present the maximum angular rate changes, with a peak of 
90.5°/s. At point (d), the inertia of the system becomes large enough for the bus to stop 
rotating in one direction. The boom tips are oriented in the same direction as when they 
first left the mechanism. Due to their flexibility, they allow the bus to rotate up to point 
(d). From points (d) to (e) the booms rotate the bus back in the opposite direction. This 
oscillation continued until point (h), where equilibrium was reached and the booms were 
not flexing any more.
Note that deployment takes 0.7s longer than the previous case. This is due to the existence 
of the sail membrane and the creation of air currents by the membrane. Figure 7.16(e) shows 
how the sail membrane has fully unwrapped from the spindle before full boom extension. 
Looking closely, the membrane spindle is seen to rotate back and forth after the membrane 
has been unwrapped. This is a possible cause for the extra oscillations seen between points 
(d) and (h).
An interesting observation was made from the acceleration plot. The negative acceleration 
the bus experiences from points (c) to (e), which is caused by the booms, is much larger in 
magnitude than the acceleration caused by the initial deployment (between (a) and (c)).
After point (h), when full deployment is achieved, there is a residual angular velocity of 
about 5°/s. This can be clearly seen in the increasing roll angular position. The law of 
conservation of angular momentum tells us that no residual angular momentum should be 
seen after deployment, as the spindle inside the bus causing the angular momentum has 
stopped. The reason for this will be discussed further on.
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7.2.3.3 Sail D eploym ent E xperim ent R obustness
The experiment is repeated to show the reliability of the results obtained. The five runs 
performed on the sail deployment with the air-bearing table are presented in Eigure 7.17. 
Angular position, rates and acceleration of all three axes are plotted.
A good correlation in magnitude and shape of the roll angular position, velocity and accel­
eration between the different runs is achieved. A peak angular velocity of less than 100°/s 
about roll and a consistency in the number of oscillations during deployment can be verified.
An observation that can be made here is the existence of residual angular rates about roll 
after deployment. These rates exist in all five runs. Looking more than a few seconds before 
the start of the deployment, indicates that the deployment starts with an inherent angular
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Figure 7.16: Sail membrane deployment on the air-bearing table
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Figure 7.17: Comparison of sail membrane deployments on the air-bearing table
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rate. This is in the same direction as the rate present after full deployment is achieved. 
These rates are due to the existence of air currents from the air-conditioning unit in the 
lab. These currents interact with the system in the stowed position and more so when the 
membrane is fully deployed.
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7.3 D eploym ent Torque Calculation
To get a better understanding of what sort of moment is transferred to the spacecraft, the 
roll torque (r^) is calculated. In order to do so, the moment of inertia of the system needs 
to be calculated. Using a CAD program, the setup for the boom deployments on the air- 
bearing table (Section 7.2.2) is modelled (see Figure 7.18). Four 1.3m booms are extended 
from the mechanism and at different extension intervals the inertia is calculated.
r
Figure 7.18: Boom deployment setup CAD model
The system inertia without the booms in the roll (x), pitch {y) and yaw {z) direction is 
calculated to be [0.010174 0.012908 0.019471] kgm^ where x and y are along the horizon. 
The z axis is where most of the rotation occurs. Combining this with changes in inertia of 
the boom and spindle for every 5cm, Figure 7.19 is generated. In Figure 7.19(a), the change 
in inertia verses boom extension is shown. However, the inertia needs to be plotted against 
time. To acheive this Figure 7.4 is used, where a constant deployment speed throughout 
extension is seen. Referring back to Figure 7.13, it is known that full extension taken place 
by point (e), which is 0.36 seconds into deployment. Hence the extension speed can be 
calculated as follows:
1.3m.
0.36s = 3.61m/s (7.1)
Figure 7.19(b) shows the change in inertia of the system throughout the experiment. To 
calculate the torque about roll (z-axis), the inertia is multiplied by the angular acceleration 
in Figure 7.13. Thus Figure 7.20 shows the torque experienced by the system during the
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Figure 7.19: Inertia about roll (z-axis) vs. boom extension length(left) and vs. time (right) 
boom deployment.
In the first 0.28s a torque of around O.liVm acts on the system. This is when boom extension 
is completed (at 0.36s). After this, large positive and negative torques of around l .bNm  
are exerted. A small initial torque is caused by the flexibility of the booms and the fact 
that they are not tightly connected to the bus and can play around in the exit slots. This 
is when the booms move in the slot while extending. When the booms extend out, the bus 
keeps moving observed previously. By the time full extension occurs, the boom tips are 
not in line with the slots and start to flex into position, moving the bus with them. This 
oscillating movement is the cause of the torque after full extension.
0.5
cr
-1 .5 -
- 2^
0.5 2.5
Time(s)
Figure 7.20: Torque experienced during deployment
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7.4 Chapter C onclusions
In this chapter the deployment mechanism presented in Chapter 6 with 1.3m booms and 
a 1.7m X 1.7m sail membrane was tested. The objectives of these experiments were to 
determine the speed of deployment and roll angular momentum during deployment, in 
addition to assessing the reliability of different components of the deployment mechanism.
Two sets of experiments were carried out, one on a rotating platform and the next on the 
air-bearing table. A video camera was used to observe the deployments together with the 
motion tracking system to extract angular position information of the bus.
A summary of the first set of experiments is shown in Table 7.1.5. These involved the 19mm 
and 25mm booms in the uncontrolled, controlled and ramped cases, with and without the 
sail membrane. The uncontrolled deployments showed how violently the booms extend. In 
all three uncontrolled cases, it was observed that this caused vibration in the booms which 
fed back into the mechanism structure. Most of the vibrations were damped as the booms 
contacted the ground. The deployment without the sail took 0.5s and with the sail between 
1 -  1.7s.
It was soon concluded that the deployment of the sail needed to be controlled or slowed 
down. Hence, a motor was used to slow down the boom extension. When the deployment 
was controlled using the motor, the overall change in angular position was larger, but the 
booms contacted the ground after the change in angular momentum was complete. This 
showed that the platform friction was the only obstacle stopping the system from rotating. 
Comparing the angular velocity and accelerations with the uncontrolled case showed an 
order of magnitude reduction in their values.
To reduce the sudden surge in angular momentum caused by the motor start, the motor 
angular velocity was ramped (slowly increased in speed). The tests conducted, with and 
without the sail, showed a further 75% reduction in angular velocity and acceleration.
The results of the first set of experiments became invalid after the booms contacted the 
ground. This, together with the friction on the rotating platform, motivated deployment 
tests on the air-bearing table. Only 25mm booms in an uncontrolled fashion were tested on
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this setup.
Oscillations before and after deployment were observed in this set of experiments as well, 
which points out that anchoring of the booms with the ground was not the reason for these 
oscillations. The oscillating motion continued on after full extension/ deployment. After 
full deployment the boom tips were in line with their original exit slot from the bus. This 
occurred while the bus was rotating due to the rotation of the spindle. The bus and boom 
push against each other towards an equilibrium. Due to the flexible nature of the booms 
and wider exit slots, equilibrium is only reached after a few oscillations.
The experimental setup with the air-bearing table was modelled in CAD to calculate the 
inertia of the system. Together with the angular acceleration, a value for the amount of 
torque produced during boom deployment was calculated (see Figure 7.20). This value is 
around ±1.5iVm at its peaks.
The jamming of the booms was a major issue during all of the deployments. During the 
second set of experiments which involved the air-bearing table, jamming became much more 
problematic. Thus, a new set of booms were made with Aluminised Mylar (PET) covering 
the booms from end to end. Even though these booms were intentionally obstructed at the 
tip, during deployment, no jamming occurred. It was concluded that the reason behind 
jamming was the friction, between the booms and between the booms and mechanism 
walls. When the booms were unfurled inside the mechanism, this friction stopped them 
from extending any further. When the booms were covered in Aluminised Mylar (PET), 
the friction was dramatically reduced and the booms sliding against each other prevented 
jamming from taking place.
To conclude, the torque induced during deployment was evident in all of the uncontrolled de­
ployments carried out. These torques caused high angular velocities that, if not addressed, 
can cause errors in the attitude sensors. Also, vibrations caused by an uncontrolled de­
ployment will be translated to the spacecraft and can be harmful not only to the attitude 
sensors but also the attitude actuator and the spacecraft. Thus, in order to decrease the 
angular momentum induced on the spacecraft from deployment, a slower initial deployment 
is required. As the booms start to extend the inertia of the system increases while the 
inertia of the boom and sail spindles decrease. During the start of the deployment is when
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the system inertia is at its lowest and the spindle inertia at its highest. Thus the solution is 
to control the deployment either with a motor or using a breaking system inside the boom 
spindle. Using a breaking system would mean that it must be adjustable to slow down the 
deployment at the start, while giving a final jolt at the end to tighten the sail.
The experiments presented in this chapter enabled us to discover challenges in the deploy­
ment system including the booms and their extension speed and the torques induced onto 
the system and present viable solutions to them. In conclusion, the above experiments have 
shown that the proposed deployment system is capable of successive deployments and with 
further improvements and space hardening can be used for deploying a nano-Solar Sail in 
space.
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Chapter 8
Conclusions
This chapter concludes the work presented and the research achievements gained in this 
thesis. The contributions to the state-of-the-art are listed and a roadmap for future work 
is drawn.
8.1 Sum m ary of Conclusions
Chapters 1 and 2 defined the problem which this research addresses, along with the relevant 
literature. The need to demonstrate the concept of solar sailing and technologies involved 
was recognised. Two main technological challenges were identified to be sail membrane de­
ployment and sail attitude control.
The need for a Solar Sail technology demonstrator was addressed by discussing the Cube- 
Sail nano-Solar Sail mission in chapter 3. Characteristic acceleration of different Cubesail 
masses were investigated and an acceleration of 0.0645mm/s^ or 0.0775mm/s^ was found 
to be more practical in terms of the mass budget. The mission objectives were defined to be 
demonstration of solar sailing, sail deployment, 3-axis attitude control using CM /CP off­
set, and de-orbiting using the sail membrane. Simulation of a O.lmm/s^ and 0.0645mm/s^ 
Cubesail showed a change of 2.07° and 1.48° in inclination and the orbit moved from a 9h30 
to a 5h25 LTDN and to a 6h30 LTDN respectively. Lifetime analysis of the CubeSail in 
its drag-sail mode showed a dramatic reduction in de-orbiting time to 282 days compared
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to 305 years for a CubeSat. This indicated the CubeSail can be used as de-orbiting device. 
Further analysis showed at least an order in magnitude drop in small LEO satellite lifetimes.
The first technological challenge addressed by this research, was the attitude control of Solar 
Sails. In chapter 4 it was shown through attitude simulations that conventional actuators 
are inadequate for Solar Sails. A review of the currently proposed Solar Sail ACS showed a 
need for a more flexible and low-risk attitude control system that is scalable, decoupled and 
generic. The Scalable bus-based ACS described in chapter 5 was presented as an alternative. 
The system is decoupled from the sail booms adding simplicity, flexibility and scalability to 
the sail design and deployment mechanism. The system employs TCM to change the CM 
and gain control about the pitch and yaw and reflective panels for control about the roll. 
Scalability was shown through simulations of the 5m Cubesail, 40m GeoSail and 160m IHP. 
Due to volume constraints it was found that the Cubesail cannot fully accommodate this 
system. In keeping with the same philosophy of a decoupled ACS, a modified and compact 
version was presented. It was concluded that the Scalable Bus-based ACS is more effective 
for medium size Solar Sails, providing the ability for each subsystem to be built, tested and 
verified separately and thus reducing the risks involved in deployment.
The second technological challenge addressed, was membrane deployment. A new nano sail 
deployment subsystem designed for the Cubesail was presented in Chapter 6. The system 
uses COTS components and is constrained to a 20 x 10 x 10cm volume when stowed and 
5m X 5m when deployed. A COTS based novel tape-spring boom was designed and con­
structed. Analysis of its performance characteristics, size and mass showed it to be suitable 
for the deployment subsystem. Deployments using the mechanism enabled the evolution of 
the system and design and construction of a remote triggering device. Additionally, four 
different membrane folding patterns were examined and experimentally tested. It was found 
that visual analysis and measurement of number of folds are inadequate for characterisation. 
To better understand the effects of folding, a Creasing Indicator {Cl) , showing the amount 
of creases with respect to the membrane size, was proposed and developed. C l  gives and 
indication on the probability of the occurrence of hot spots and a possible reduction in 
sail efficiency. It has also provided a tool for choosing folding patterns and sizing them for 
different length sails.
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Two sets of experiments to determine the speed of deployment and roll torque during de­
ployment were carried out on the deployment subsystem. The experiments presented in 
chapter 7 assessed the reliability of different components and the mechanism. The first set 
of experiments, performed on a rotating platform, yielded problems with the uncontrolled 
deployment. The deployment was found to result in large changes in angular position and 
generated vibrations that fed back into the bus. Motor controlled deployment was discovered 
to reduce the resulting angular rates by an order of magnitude. Ramping of the motor showed 
a further 75% reduction in angular velocity and vibrations from deployment. The second 
set of experiments, performed on an air-bearing table, were conducted to provide a virtually 
frictionless environment in all three axis. These experiments showed that a large portion 
of the generated angular rates on the system occurred during the first few centimetres of 
boom deployment, when the inertia is still small.
From the results of these experiments it was concluded that, in principle, some sort of con­
trol is required to slow the booms down at the initial stages of deployment. In order not 
to sacrifice mass, it was recommended that a brake system be utilised. The system would 
slow the deployment at the beginning, reducing generated torques and vibrations, and then, 
towards the end, allow rapid extension of the booms to achieve a tight sail.
8.2 Research A chievem ents
The original aim set in Chapter 1 of this thesis was to research and develop technologies 
that would enable the construction and successful launch of a Solar Sail. At the initial 
stages of this research this was thought to be improvements in the attitude control and the 
actuation systems. However, as the research progressed, it was realised that such improve­
ments are not enough and must be in conjunction with improvements in the deployment 
system. The research into these two key areas, in the context of a feasible Solar Sail demon­
stration mission, enabled the fulfillment of our original aim. Considering this, the following 
achievements were attained throughout this thesis:
• Enabling significant progress towards the Cubesat nano-Solar Sail demonstration mis­
sion.
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• A Scalable bus-based attitude control system for Solar Sails was proposed. The system 
utilises tether control mass and reflective panel actuators. The system was shown to 
be scalable through several case studies. I t’s decoupled nature added simplicity and 
flexibility to the sail design and reduced the risk of deployment.
• As part of the Scalable bus-based ACS and to control the roll torque of the Solar Sail, 
a reflective panel actuator system was proposed. Equations governing the dynamics 
and sizing requirements were derived and attitude control laws were presented. The 
panel angles were coupled, creating a windmill effect which controlled the roll axis of 
the sail.
• A nano-Solar Sail deployment mechanism was designed and constructed. The system 
is designed to fit inside a 2U CubeSat structure and deploy a 5m x 5m Sail.
• To support the sail membranes, tape-spring blades were used to construct four booms. 
Two tape spring blades were held together by Kapton, increasing the bending stiffness 
of the booms, while retaining their ability to be coiled around a small spindle intact. 
The booms use the tension gathered during coiling to unfurl.
• Civen the need for remote deployment of the sail, a spindle release mechanism was 
designed and constructed. The mechanism consisted of a pin, holding the spindle in 
place, and a spring pushing the pin away. The pin is kept in place by burn wires.
• Four different folding patterns were reviewed. Three of these were four quadrant square 
sails and the other one was a single sheet sail. These folding patterns were analysed 
in terms of effects on sail tightness, stowage configuration and a visual inspection.
• To fold the single sheet pattern, a folding apparatus was constructed. A 1.7m x 1.7m 
membrane was folded using this apparatus.
• A Creasing Indicator was proposed after realising a need for further analysis of mem­
brane folding patterns. The indicator bridged the gap between membrane creasing 
and reduction in sail efficiency. It was also shown that it can be used as a tool for 
choosing sail patterns for Solar Sails and a sizing measure for determining the optimal 
number of folds for a given sail size.
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• Two sets of experiments were performed on a 1.7m scaled version of the deployment 
mechanism. A rotating platform was built for the first set of experiments. These 
experiments included, uncontrolled, controlled and ramped deployments, with and 
without the sail membrane. The second set were performed on an air-bearing table, 
enabling rotation about three axis. The experiments gave an indication of torques and 
vibrations produced during deployment.
The novel developments presented in this thesis have lead to the conception of the Cube­
sail mission. Presentation of the concept of a decoupled attitude control system together 
with a feasible and practical nano-solar sail deployment subsystem has enabled significant 
progress towards the Cubesail mission. Prior to this research the Cubesail’s technology read­
iness level can be categorised as around TRLl (“Basic principles observed and reported”). 
This research has been successful in raising the technology readiness level of this mission 
to TRL4 (“Component and/or breadboard validation in laboratory environment”) and a 
partial accomplishment of TRL5 (“Component and/or breadboard validation in relevant 
environment” ).
The COTS based Cubesail mission hopes to be the first Solar Sail that demonstrates sail 
deployment, 3-axis attitude control, the concept of solar sailing and de-orbiting using aero­
dynamic drag forces. The Cubesail is scheduled for launch by the end of 2011. Additionally, 
based on the researched carried out in this thesis, and within the Solar Sail group at the 
Surrey Space Centre, an FP7 proposal to the European Union was accepted and contract 
awarded on a 5m DragSail de-orbiter.
8.3 C ontribution to  the S tate o f the A rt
The work undertaken in this research contains the following areas of novelty:
• A Bus-based attitude control system, decoupled from the sail booms was presented. 
The system adds simplicity, flexibility and scalability to the sail design while reducing 
the risk involved in deployment.
• Reflective panel actuators that act as a windmill to change the roll axis of the sail
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were presented . The actuator was mathematically modelled and sized with control 
laws being presented.
• A nano-Solar Sail deployment mechanism was designed and constructed. The system 
was used to demonstrate and test deployment of a 1.7m square sail.
• Booms made of tape-spring were constructed to support the Solar Sail membrane. 
The booms use the tension gathered during coiling to unfurl.
• A Creasing Indicator was developed to analyse the different folding patterns. It was 
also used as a sizing tool to determine the number of folds, folding pattern and spindle 
size for a specific size sail.
• A nano-Solar Sail deployment mechanism was characterised through multiple experi­
ments and shown to be capable of reliable deployments.
8.4 Future Work
Given the diverse topics covered by this research, there are many avenues of interest to 
carry this work forward. These avenues can be divided into two categories, topics for further 
research into Solar Sails and engineering recommendations for the CubeSail mission. For 
further research into Solar Sails the following future work is recommended:
• It was shown how the orbit of the CubeSail and the shadowing from the Earth resulted 
in a change in inclination. For Earth observation satellite this change can be used to 
alter the Local Time of Descending Node (LTDN). Further research into how to control 
this change and sizing requirements for any such sail is recommended.
• Further research into the use of the CubeSail as a de-orbiting device is needed. This 
includes effects of the atmosphere on membrane disintegration and its consequences 
on lifetime.
• De-orbiting the CubeSail is one thing but de-orbiting an Earth observation satellite 
is another. Further research could reveal unknown issues in integration of the sail 
deployment mechanism with a larger satellite.
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• To improve the reflective panel actuators, further research into three axis control laws 
and double gimbal panels is recommended. In addition, effects of panel shadowing 
on the sail membrane and performance of the panels at low sun-angles are areas to 
consider.
• A Hardware ground demonstration of the TCM actuation system on an air-bearing 
table is an area of interest. The design and construction of such a system is under 
way. The research could show performances and limitation of the system and assist 
in the design and construction of the CubeSail attitude actuator.
• Further analysis into the tape-spring booms is required. These include effects of 
vibrations, boom stiffness, sail tension requirements and sail wrinkling in addition to 
effects of material and manufacturing processes on the boom properties. This research 
would also benefit the CubeSail flight mission.
• Research into the relationship between the Creasing Indicator and sail efficiency is 
beneficial. This relationship can enable a direct sense of how folding eflFects efficiency. 
As calculating such a relationship mathematically can prove difficult, experimental 
analysis is recommended.
As a result of research undertaken in this work and past Solar Sail research at the Surrey 
Space Centre, four PhD avenues have been defined and work on them has begun. These 
cover the areas of. De-orbiting, Solar Sail attitude control using reflective panels, CubeSail 
attitude actuator and Solar Sail structure and booms.
Another category of possible future avenues is improvements that enable the CubeSail mis­
sion to be carried forward and flight ready. These recommendations are not necessarily 
research oriented and can be technological and engineering improvements. They are as 
follows;
• Reorientation of the deployment system for a higher degree of control.
• Anti boom jamming mechanism.
• Use of vibration dampeners at the boom tips.
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• Characterising effects of temperature and tension on sail .membrane.
• Vigorous vibration, thermal and vacuum testing of the deployment mechanism.
• Sail membrane tension feedback system.
• Study of the effects of aerodynamic drag on Cubesail attitude.
• Design and construction of the Cubesail bus-tilting mechanism.
• Research into Bi-stable Reeled Composite booms.
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A ppendix A
Orbital Equations
A .l  C oordinate R eference Frames
We consider the Earth Centered Inertial (ECI) reference frame as the frame the position, 
velocity and force vectors are defined in. We then define a Sail Centered Sun Pointing 
(SCSP) reference frame, where the x axis is pointing towards the Sun and the y and z axis 
are appropriately rotated. We define the rotation about the z axis (ip) and y axis (9) as 
follows:
ip = arctan ( ^  
V St.
6 = arctan V
(A. la) 
(A.lb)
Through rotation about the z axis and then the y axis we have the following direction cosine 
matrix:
cos('0 ) cos(^) sin('0 ) — sin(^) cos(ip)
— sin(ip) cos{9) cos(V’) — sin(^) sin(ip) (A.2)
sin(^) 0 cos(^)
D C M e c i -^SCSP =
We also define the Orbit Reference Frame (OR)as z pointing towards the centre of Earth 
(negative position vector), y perpendicular to z and the velocity vector and x is towards the
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velocity vector for a circular orbit. We thus have the following direction cosine matrix:
D C M e c i -^s c s p  =
—f  X (v X —f)  
V X —f
—f
(A.3)
where v is the unit vector pointing in the velocity direction and r is the unit vector pointing 
towards the sail position in ECI.
We define the Body Reference Frame (B), where x is pointing towards the Sun-pointing 
normal of the sail and y &: z are along the main booms of the sail.
A .2 Earth O blateness Equations
Equations for J3  & J4  forces acting on a body orbiting Earth are as follows: [93]
E x  — IP'sail
Ey = IPsail
E z  — P i sail
5J3fiE.Q^rx 7 r l \
—
2|f17
2|r17
|f|v
|r1 "
(A.4a)
(A.4b)
(A.4c)
E x  — PI'sail 
E y  =  ~  IP  sail 
E z  — 'IP sail
15*/4/i-R0 Tx
15J4//Re^r^
8 ^ 7
8|f|7
14r^ 21r^I - + |r14
lArl 21/
+ |fl4
707-2 21/
5 - 3|f|2 + |r14
(A.5a) 
(A.5b) 
(A.5c)
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A ppendix B
CubeSail Deploym ent
B .l  D eploym ent M echanism  Mk III
‘ r
Figure B.l: Deployment Mechanism Mk III
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B. CubeSail Deployment
B.2 Folding A pparatus drawings
Figure B.2: Folding apparatus top view with sail membrane
y \
, \
^  H  240 / 07—^ 134.66 132.05**
l02.2&4^.244«3.76H-e5.3ft4-83,7»-'113.62,—  152.42 129.63
Figure B.3: Folding apparatus top view measurements
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B .3 Creasing Indicator (CI) derivations
Pattern 1 Pattern 2
Pattern 3
Pattern 4
X
X ,
Figure B.4: Folding pattern diagrams
2 1 0
B. CubeSail Deployment
P attern  1
P
X  =
h
2 sin(7 i) 
sin(7 i)
y
sin(72)
sin(7 i)
sin(^i
sin(72)
sin(^2
sin(180 -  90 -  45/2) =  cos(45/2) 
sin(180 - 9 0  4- 45/2) =  cos(45/2) 
sin(90 — (45/2 4- a)) =  cos(45/2 4- Oi)sin(/3i)
sin(/^2 ) =  sin(90 4- (45/2 — a)) =  cos(45/2 — a) 
{ x y )  = ^  ----- 7 +
I r
COS(45/2 — a) cos(45/2 4- a)
(n—1)/2
=  ïr 4-2 p4- ^  { x ^ y )
2=1
(B.la)
(B.lb)
(B.lc)
(B.ld)
(B.le)
(B.lf)
(B.lg)
(B.lh)
(B.li)
P attern  2
X  = p
sin(90) 
sin(90 — a)
( n - l ) / 2
^crease — g ^ V  ___________ - ___________^  sin(90 — a)
90a
n 4- 1
(B.2a)
(B.2b)
(B.2c)
P attern  3
X =
n  4-1
^crease — 2
(n—1)/2
E
i = l n 4-1
(B.3a)
(B.3b)
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P attern  4
PO =  ^  (B.4a)
^  2 s in (9 0 -a )
2^M45)
Xo =  ^P o  +  r^ (B.4d)
Xi = yjpi+r"^  (B.4e)
^ n / 2  =  yP»/2 +  r^  (B4f)
( n - l ) / 2
lcrease ~  0^ 4“ ^n/2 4~ ^ ^   ^ (B.4g)
-  • (B.4Wa =
n +  1
B .4  Folding pattern  cutouts
B.4.1 P attern l
2 1 2
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B .4 .2  P a tte r n 2
B.4.3 Patterns
B.4.4 Pattern4
50 mm
Guest & Pellegrino [85]
& Pellegrino [85]
B.5 Control electronics for the deploym ent m echanism
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